s 


' S6K1 


S6K1 (also known as p70S6 kinase) is a serine/ 
threonine protein kinase which is involved in the 
regulation of translation by phosphorylating the 40S 
ribosomal protein S6. Insulin and several growth factors 
activate the kinase by phosphorylation in a PI 3-kinase 
dependent and rapamycin-sensitive manner. Phosphor¬ 
ylation of S6 protein leads to the translation of mRNA 
with a characteristic 5' polypyrimidine sequence motif 

► Insulin Receptor 


' S-Prenylation 


► Lipid Modifications 


1 S100 Proteins 


Claus W. Heizmann 
Department of Pediatrics, Division of Clinical 
Chemistry and Biochemistry, University of Zurich, 
Zurich, Switzerland 

Synonyms 

Ca 2+ regulation; SI00 proteins; EF-hand; RAGE 

Definition 

► S100 proteins (named because of their solubility in a 
100% ammonium sulfate solution) constitute the largest 
family within the EF-hand Ca 2+ -binding proteins super¬ 
family [1]. SI00 proteins are small, acidic proteins 
containing two distinct Ca 2+ -binding ►EF-hand structur¬ 
al motifs [2]. The C-terminal EF-hand contains the 


classical Ca 2+ -binding motif, common to all EF-hand 
proteins. This Ca 2+ -binding motif has a typical sequence 
signature of 12 amino acids and is flanked by two helices. 
The N-terminal EF-hand, different from the classical EF- 
hand motif, contains a 14 amino acid consensus sequence 
motif, named the ‘SI00-specific’ or ‘pseudo’ EF-hand. 

Among the different human SI00 genes, most are 
clustered on human chromosome lq21, a region 
frequently involved in chromosomal rearrangements in 
cancer. Based on these findings, an official nomenclature 
for SI00 proteins was introduced (Table 1). 

► http: //www. gene .ucl. ac .uk/nomenclature/index. html 

SI00 proteins have multiple biological functions 
in cells; some are secreted from cells and activate 
receptor for advanced glycation end products (RAGE)- 
dependent cellular pathways. 

Basic Characteristics 

Intracellular Ca 2+ -levels are controlled by release into, 
and removal from, the cytoplasm (Fig. 1). Ca 2+ -pumps 
in the plasma membrane and endoplasmic reticulum (ER; 
the Ca 2+ -store in a cell) keep cytoplasmic Ca 2+ -levels 
low (about 0.1 pmol/L in resting cells) and generate a 
10,000-fold concentration gradient across membranes 
(because extracellular Ca 2+ is in the millimolar range). 
Upon stimulation, Ca 2+ enters the cytosol of the cell via 
Ca 2+ -channels (plasma membrane) or via Ca 2+ -channels 
in the ER, leading to the activation of a great variety of 
Ca 2+ -dependent processes in the cell. 

Ca 2+ -channels mediate Ca 2+ -entry into cells and 
Ca 2+ -pumps of the plasma membrane and of the 
endoplasmic reticulum remove the ion from the 
cytoplasm. The Ca 2+ -signal is mediated by the EF- 
hand Ca 2+ -binding proteins (including the SI00 
protein family) which have INTRA- and EXTRACEL¬ 
LULAR cytokine-like functions. Ligands including 
SI00 proteins activate RAGE of neighbouring cells 
leading to physiological or pathological responses. 
RAGE ligands: SI00 proteins: AGEs: Advanced 
Glycation End Products amphoterin/high mobility 
group 1 proteins (HMG-1): LPS, (lipopolysaccharide/ 
endotoxins) P-amyloid. 

RAGE, (domains V, Cl, and C2) belongs to the 
immunoglobulin family of proteins. 

A large group of diseases is associated with 
mutations in Ca 2+ -channels (channelopathies) and 
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SI00 Proteins. Table 1 Nomenclature 3 and chromosomal location of the SI 00 genes 


Approved 

gene 

symbol 

Approved gene 

name 

Previous symbols and aliases 

Chromosomal 

location 

Sequence 

accession 

ID 

S100A1 

S100 calcium binding 
protein A1 

S100A, SI 00-alpha 

1q21 

NM_006271 

S100A2 

SI00 calcium binding 
protein A2 

S100L, CaN19 

1q21 

NM_005978 

S100A3 

SI00 calcium binding 
protein A3 

S100E 

1 q21 

NM_002960 

S100A4 

SI00 calcium binding 
protein A4 

Calvasculin, metastasin, murine placental 
homolog, calcium placental protein (CAPL), MTS1, 
p9Ka, 18A2, pEL98, 42A 

1q21 

NM_002961 

S100A5 

SI00 calcium binding 
protein A5 

S100D 

1 q21 

NM_002962 

S100A6 

SI00 calcium binding 
protein A6 

Calcyclin (CACY), 2A9, PRA, CABP 

1q21 

NM_014624 

S100A7 

S100 calcium binding 
protein A7 

Psoriasin 1 (PSOR1), S100A7c 

1 q21 

NM_002963 

S100A7A 

S100 calcium binding 
protein A7A 

S100A15, S100A7L1 

1 q21 

NM_176823 

S100A7L2 

SI00 calcium binding 
protein A7-like 2 

S100A7b 

1q21 

— 

S100A7P1 

SI00 calcium binding 
protein A7 
pseudogene 1 

S100A7L3, S100A7d 

1q21 


S100A7P2 

SI00 calcium binding 
protein A7 
pseudogene 2 

S100A7L4, S100A7e 

1q21 


S100A8 

S100 calcium binding 
protein A8 

Calgranulin A (CAGA), CGLA, P8, MRP8, 

CFAG, LlAg, 60B8AG 

1 q21 

NM_002964 

S100A9 

SI00 calcium binding 
protein A9 

Calgranulin B (CAGB), CGLB, P14, MRP14, 

CFAG, LlAg, 60B8AG 

1q21 

NM_002965 

S100A10 

S100 calcium binding 
protein A10 

Annexin II ligand (ANX2LG), calpactin 1, light 
polypeptide (CALIL), pll, CLP11,42C 

1 q21 

NM_002966 

S100A11 

SI00 calcium binding 
protein All 

Calgizzarin, S100C 

1q21 

NM_005620 

S100A11P 

S100 calcium binding 
protein All pseudo¬ 
gene 

S100A14 

7q22-q31 


S100A12 

S100 calcium binding 
protein A12 

Calgranulin C (CAGC), CAAF1, CGRP, p6, EN¬ 
RAGE 

1 q21 

NM_005621 

S100A13 

SI00 calcium binding 
protein A13 


1 q21 

NM_005979 

S100A14 

SI00 calcium binding 
protein A14 

BCMP84, S100A15 

1q21 

NM_020672 

S100A16 

SI00 calcium binding 
protein A16 

SI OOF, DT1P1A7, MGC17528 

1 q21 

NM_080388 

S100B 

SI00 calcium binding 
protein B 

SI 00-beta 

21q22 

NM_006272 

S100G 

S100 calcium binding 
protein G 

Calbindin 3 (CALB3), CaBP9K, CAB PI 

Xp22 

NM_004057 
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SI00 Proteins. Table 1 Nomenclature 3 and chromosomal location of the SI 00 genes (Continued) 


Approved 

gene 

symbol 

Approved gene 

name 

Previous symbols and aliases 

Chromosomal 

location 

Sequence 

accession 

ID 

S100P 

S100 calcium binding 
protein P 


4p16 

NM_005980 

S100Z 

S100 calcium binding 
protein Z 

SlOO-zeta 

5q13 

NM_130772 


a Marenholz et al (2006) Biochim Biophys Acta 1763:1282-1283. 




SI00 Proteins. Figure 1 Pathways of Ca 2+ -release and uptake. 


Ca 2+ -pumps. After entering the cell, Ca 2+ is reversibly 
complexed to specific Ca 2+ -binding proteins that fulfil 
multiple functions, including Ca 2+ -buffering and trans¬ 
port, activation of enzymes, regulation of contraction, 


secretion, and proliferation. This large family of Ca 2 
+ -binding proteins is characterized by a common 
structural element, the EF-hand [2, 3]. These proteins 
decipher the information carried by Ca 2+ and pass it on 
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to various targets regulating biological functions. The 
largest group within the EF-hand Ca 2+ -binding proteins 
are the SI00 proteins. SI00 proteins are cell- and tissue- 
specific expressed and regulate many intra- and 
extracellular processes by interacting with specific 
target proteins. 

In general the affinities of SI00 proteins for Ca 2+ are 
low with a binding affinity of 100-500 pM. Binding of 
Ca 2+ to S100 proteins induces helix rearrangement within 
each subunit of the dimer, resulting in the exposure of two 
hydrophobic surfaces (one in each monomer), which 
are involved in target protein recognition. Beside Ca 2+ , a 
number of S100 proteins can also bind Zn 2+ or Cu 2+ that 
can influence the affinity of Ca 2+ -binding. Thus, SI00 
proteins display variable transition metal-binding 
properties in agreement with their highly diversified 
and specialized functions, such as cell proliferation, 
migration differentiation, as well as in cognition. 

Recent advances in the elucidation of the biological 
functions of a selection of SI00 proteins are summar¬ 
ized below. 

In response to a rise up calcium, SI00 proteins 
interact with distinct target proteins and some members 
relocate to different cellular compartments and are 
implicated in multiple intracellular and extracellular 
activities. 

The brain-specific S100B regulates enzyme activity by 
rendering certain phosphorylation sites inaccessible to 
their interaction partners, as was reported for neurogranin, 
tau protein, glial fibrillary acid proteins (GFAP), and the 
p53 transcription factor. In addition, several SI00 
proteins have been shown to be secreted via different 
mechanism, including the classic endoplasmic reticulum- 
Golgi pathway, or alternative pathways involving 
cytoskeletal components, such as actin and tubulin. 
S100B secretion from astroglial cells is induced by 
serotonin la receptor agonist binding. Moreover, the 
release of SI00 protein from apoptotic cells following 
brain injury may be sufficient to induce cellular res¬ 
ponses. In vitro, extracellular S100B and S100A4 pro¬ 
mote neurite outgrowth and neuronal survival by acting 
through ►RAGE and heparan sulfate proteoglycans, 
respectively, both located at the cell surface. Moreover, 
extracellular S100B has been shown to modulate long¬ 
term neuronal synaptic plasticity, glutamate uptake of 
hippocampal astrocytes, and inflammation. 

S100A1 is the most abundant in the myocardium but 
is also expressed in brain and other tissues. S100A1 was 
found to stimulate Ca 2+ -induced Ca 2+ -release (CICR) in 
skeletal muscle terminal cistemae. In the presence of 
nanomolar Ca 2+ -concentrations, S100A1 binds to the 
ryanodine receptor increasing its channel open probabil¬ 
ity, and was shown to enhance SR Ca 2+ -release and 
contractile performance. Several animal models (over 
expressing S100A1 or S100A1-deficient mice) have 


emphasized the importance of S100A1 in calcium¬ 
cycling of the heart and its association with heart failure. 

Furthermore, we also found behaviour differences in 
our mouse models of S100A1 deficiency. The male 
S100A1 knockout, mice showed reduced anxiety-like 
responses and enhanced explorative activities and we 
concluded that S100A1 plays a role in modulating 
innate fear and exploration of novel stimuli. 

S100A2 encoding cDNA was first identified as a 
novel tumour suppressor gene. S100A2 interacts in a 
Ca 2+ -dependent manner with the tumour suppressor 
p53 and activates its transcriptional activity. S100A2 
was shown to interact with the same p53 binding site 
as S100B. 

A recent DNA microarray-based search for prolifer¬ 
ation control genes showed that 28 genes are coopera¬ 
tively activated by IFN-a and TGF-p. Among these are 
the insulin-like growth factor-binding protein 3 
(IGFBP3) and S100A2. IGFBP3 protein was found to 
be a potent growth inhibitor requiring TGF-P activity. 
The antiproliferative activity of S100A2 is significantly 
enhanced by IFN-a in stably transfected human 
melanoma cell lines. IFN-a was found to be a potent 
inducer of intracellular Ca 2+ -release required for activa¬ 
tion of S100A2. This study provides a functional link 
between IFN-a and TGF-P signalling and extends 
the functions of IFN signalling to calcium-sensitive 
processes. 

S100A4 is implicated in tumour progression and 
metastasis and high S100A4 expression levels have 
been correlated with reduced patient survival and poor 
prognosis. The relevance of S100A4 to clinical 
parameters was investigated in several archival colon 
cancer specimens, without metastasis at the time of 
surgery [4]. Remarkably, S100A4 mRNA levels were 
found to be higher in the primary tumours, which later 
developed distant metastases. Patients whose tumours 
were heterozygous for activating p-catenin mutation 
were identified, and the tumours showed both nuclear 
P-catenin staining and high S100A4 expression. All 
these patients developed metastases in the liver. This 
was the first demonstration that mRNA expression of 
S100A4, determined in primary tumours in a quantita¬ 
tive manner, is of value for the prediction of metastasis 
cancer. 

The results also showed an interconnection of two 
previously unconnected molecular pathways which 
play important roles in tumour progression and 
metastasis, the p-catenin/TCF signalling pathway and 
S100A4, that controls motility and invasiveness. The 
finding demonstrated that p-catenin/TCF directly 
regulates the expression of the S100A4, and that 
p- catenin-induced effects on cell migration and invasion 
are mediated by S100A4 in colon cancer cells. New 
therapeutic strategies aimed at dismpting this regulation 
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and the function of S100A4 protein may be of particular 
value for prevention of colon cancer metastasis. 

S100A10 was found to interact with the serotonin IB 
receptor increasing its presence at the cell membrane. 
S100A10 was found to be closely associated with the 
pathophysiology of depression. 

S100A16 is the latest example. This protein was 
found to accumulate within nucleoli of glioblastoma 
cells and translocate to the cytoplasm in response to 
Ca 2+ -stimulation. This suggested a possible role of 
S100A16 in ribonucleoprotein complex processing, 
gene silencing, or cell cycle progression. Like other 
members of the family, S100A16 lacks the canonical 
nuclear localization signal. Nuclear import may require 
interaction with transporter proteins or phosphoryla¬ 
tion, as it was described for S100A11, or may occur 
via facilitated diffusion pathways, as observed for 
calmodulin. 

S100 Proteins and RAGE Signalling 

Some SI00 proteins are secreted from cells and exert 
their extracellular functions through their interaction 
with the ►receptor for advanced glycation end 
products (RAGE) [5]. RAGE is a member of the 
immunoglobulin-like cell surface receptor superfamily 
with multiple functions. RAGE is composed of three 
extracellular immunoglobulin domains, (a ‘V’ domain 
followed by two ‘C’ type domains), a single spanning 
transmembrane region, and a short cytosolic domain 
(Fig. 1). Recently, RAGE isoforms lacking the 
transmembrane and cytosolic regions (endogenous 


secreted RAGE or esRAGE) or the ‘V’ immunoglob¬ 
ulin domain (N-truncated RAGE or NtRAGE) were 
identified in the human brain. RAGE can be activated 
by SI00 proteins, amyloid-P (Ap), amphoterin, LPS, 
or advanced glycation end products (AGEs). The 
RAGE ligands activate different signalling pathways, 
p21 ras and mitogen-activated protein kinases (MAPK). 
Depending on the pathways activated the RAGE 
ligand signal leads to the activation of transcription 
factors like NF-kB or Spl and to cellular responses. 
Activation of RAGE enhances the expression of 
the receptor itself and initiates a positive feedback 
loop, resulting in sustained RAGE up-regulation, 
which has been suggested to be the starting point 
of chronic cellular activation and tissue damage. 
Several studies have succeeded to block the RAGE/ 
ligand interactions, resulting in a suppression of 
atherosclerosis and improved wound healing in 
diabetic animal models. 

Drugs 

Disease Association and Molecular Drug Targets 

Proteins of this family are closely associated with a 
number of human diseases such as cardiomyopathy, 
inflammation, cancer, Alzheimer’s disease, and depres¬ 
sion (Table 2). They have also been proven to be 
valuable in the diagnosis of these diseases (Table 3) 
in order to improve clinical management, outcome 
and survival of patients. They are considered as 
having a potential as drug targets to improve therapies. 
Moreover, S100A1 gene therapy is suggested as a novel 


SI00 Proteins. Table 2 SI00 proteins in human diseases 


Proteins 

Association with diseases 

S100B 

Developmental brain dysfunction, learning and memory deficits 


Alzheimer’s disease, blood brain barrier dysfunction 


Down syndrome 

S100A1 

Cardiomyopathy, anxiety 

S100A2 

Cancer, tumour suppression 

S100A4 

Cancer, metastasis 

S100A6 

Cancer, amyotrophic lateral sclerosis (ALS) 

S100A7 

Psoriasis 

S100A8/A9 

Inflammation, cystic fibrosis 


Wound healing, juvenile rheumatoid arthritis 

S100A10 

Depression 

S100A11 

Cancer 

S100A12 

Inflammation, Kawasaki disease, Mooren’s ulcer 

S100P 

Cancer 


References: Heizmann (2005) J Pediatrics 147:731-738; Heizmann etal (2007) In: Carafoli E, Brini M (eds) Calcium signalling and disease. 
Springer pp. 93-138; Foell etal (2004) Arthritis & Rheumatism 50:1286-1295; Donato etal (2003) Microsc Res Tech 60:540-551; Kwon etal 
(2005) Front Biosci 10:300-325; Foell etal (2003) Lancet 361:1270-1272; Svenningson etal (2006) Science 311:77-80; Ackermann etal 
(2006) Biochim Biophys Acta 1763:1307-1319; Foser et al (2006) Cell Mol Life Sci 63:2387-2396. 






















1106 S-Acylation 


SI00 Proteins. Table 3 SI00 proteins in clinical diagnostics 


Proteins 

Diagnostic markers 

S100B 

Sensitive marker of hypoxic brain damage in infants and children undergoing open-heart surgery 


Pediatric traumatic brain injury 


Blood brain barrier dysfunction 


Marker for prenatal screening for trisomy 21 


CNS lesions in PKU 


Developmental brain dysfunction 


Hypoxic-ischemic encephalopathy in asphyxiated full-term infants 

S100A1 

Marker for acute myocardial ischemia 

S100A2-S100A6 

Immunohisto-chemical classification of tumours in the brain 


Tumour prognosis and clinical management 


Marker to amyotrophic lateral sclerosis (ALS) 

S100A8/A9 

Inflammatory disorders including rheumatoid arthritis and chronic bronchitis 

S100A12 

Juvenile rheumatoid arthritis 


Mooren’s ulcer (autoimmune disease) 


Acute and chronic inflammatory diseases 

S100A14/S 100A16 

Detection of circulating tumour cells in peripheral blood 


References: Heizmann et al (2002) Front Biosci 7:d1356-d1368; Rothermundt et al (2003) Microsc Tech Res 60:614-632; Michetti 
et al (2002) Clin Chem 48:2097-2104; Gazzolo et al (2003) Arch Pediatr Adolesc Med 157:1163-1168; Foell et al (2004) Clin Chim Acta 
344:37-51; Gazzolo etal (2004) Crit Care Med 32:131-136; Kanneretal (2003) Cancer 97:2806-2813; Schulpis etal (2004) Clin Biochem 
37:76-79; Thorngren et al (2004) Pediatr Res 55:406-412; Smirnov et al (2005) Cancer Res 4993-4997. 


treatment to improve existing contractile performance, 
e.g. after myocardial infarction. 

Outlook 

Many vital physiological functions and metabolic 
processes are regulated by Ca 2+ and a large number of 
human diseases are linked to an altered Ca 2+ -homeo- 
stasis. The Ca 2+ -signal within cells is transmitted by 
many Ca 2+ -binding proteins, including the SI00 
proteins family. S100 proteins have received increased 
attention recently because of their close association 
with human diseases and their use in diagnosis. SI00 
proteins are also considered (together with their 
extracellular receptor RAGE) to have a potential as 
drug targets to improve therapies in the future. 
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' S-Acylation 


► Lipid Modifications 


' S-adenosyl-L-methionine 


S-adenosyl-L-methionine (AdoMet, SAM) is a cofactor 
and the most important donor of the methyl (CH 3 -) 
group for methyltransferases, including COMT. When 
the methyl-group has been transferred, the remaining 
demethylated compound is called S-adenosyl-L-homo- 
cysteine. 

► Catechol-O-Methyltransferase and its Inhibitors 


' Salicylate 


►Non-steroidal Anti-inflammatory Drugs 
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'SAM 


► S-Adenosyl-L-methionine 


SAR 


Structure activity relationships, i.e., the total pattern of 
change in a biological activity as a function of chemical 
structure, typically derived from a comparison within a 
chemical series so that the biological effects of 
substitution at each structural position may be deter¬ 
mined and correlated. 


' SARA 


(Smad anchor for receptor activation) An intracellular 
protein Sara which accumulates at early endosomes and 
plays a key role in TGF-p signal transduction through 
the recruitment of receptor activated R-Smads for 
phosphorylation by the type I TGF-B receptor. 

► Transforming Growth Factor-Beta 


1 Sarafotoxin 


Sarafotoxin is a 21-amino acid peptide which has some 
structural similarity with endothelins and was isolated 
from the venom of the burrowing asp. Sarafotoxin is a 
selective agonist of the endothelin ET B -receptor. 

► Endothelins 


' SAR-by-NMR 

Hartmut Oschkinat 

Leibniz-Institut fur Molekulare Pharmakologie, Berlin, 
Germany 

Synonyms 

Lead discovery by NMR; NMR-screening 


Definition 

NMR can be used as a method for monitoring protein- 
ligand interactions, either by detecting protein signals 
or the signals of the ligand. The detection of protein 
signals requires isotope labeling, usually with 15 N, 
whereby ligand observed techniques maybe applied 
without any labeling. Ligand observed techniques are 
commonly used for screening purposes with the ability 
to detect binding in the micro- and millimolar range. 
NMR techniques applied for this purpose are the so called 
“waterLOGSY” experiment [1], saturation transfer dif¬ 
ference spectroscopy [2], and the Tip experiments [2]. 
The saturation transfer difference technique is often used 
to determine pharmacophores of the binding ligand. For 
design purposes, protein observed techniques are pre¬ 
ferred since they allow the application of the so called 
SAR-by-NMR methodology. 

SAR-by-NMR is a method for generating systemati¬ 
cally lead compounds in the early stages of a drug 
finding process. NMR is used as a method 
for detecting protein ligand interactions site-specifically 
through the application of correlation spectroscopy [3]. 
The inherent parameter of NMR signals, the chemical 
shift, is dependent on the chemical environment of the 
respective nucleus that gives rise to the signal. Binding 
of a ligand close to this nucleus changes the chemical 
environment and therefore also the chemical shifts. The 
monitoring of chemical shift changes through correla¬ 
tion spectroscopy indicates thus the binding site. This 
information can be used to either i) search for two 
compounds that bind close to each other in the active 
center of a protein, and that can be linked chemically to 
one compound that supposedly binds tighter [3], or 
ii) to detect the binding of so-called molecular frame¬ 
works (small organic compounds) as a basis for the 
design of focused compound libraries and improvement 
of the binding affinity of these frameworks by addi¬ 
tion of further substitutions to them through a library 
approach [4]. This procedure is often called “fragment 
based ligand design.” 

Both approaches outlined deliver information that is 
best used in cycles of medicinal chemistry/computer 
aided drug design in order to refine the compounds. 

In its original form (version i), SAR-by-NMR 
involved the following steps: 

Screening of a compound library to detect com¬ 
pounds that bind to the active site of the protein by 
correlation spectroscopy. 

Screening of derivatives of these compounds, optional 
a synthesis of a focused library yielding such derivatives 
to obtain compounds with improved affinity. 

Screening for a second compound that binds in the 
vicinity of the first one using the same procedure. 

Determination of a three-dimensional structure of the 
protein with both ligands. 

Design of a linker for both ligands and synthesis of 
this compound. 


s 
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Detection of the affinity of the new compound and 
further improvement by synthesis of focused library on 
the basis of the design. 

Typically, between 1,000 and 10,000 substances are 
screened to find weakly binding ligands. 

The linking of two weaker binding compounds may 
lead to strong binding one, primarily due to the saving 
of one entropical factor if both original compounds are 
chemically connected: 

AGab= AGA+AGe+AGiink 

The binding constant increases then: 

K d (AB) =K d (A)*K d (B)*L, 

where L is the linking coefficient derived from AG link. 

In its modified form ii, the first three steps of the 
original procedure as outlined above are applied to 
obtain a good starting point for the chemists to synthe¬ 
size new compounds in a more focused manner. 

Description 

The NMR screening technology in general is a tool to 
detect interactions between ligands and proteins in the 
milli- to picomolar range, using a direct binding assay 
that detects binding in a site specific manner. 

In both variants of the approach, i) and ii), the ligands 
detected in a NMR screen would be subjected to further 
modifications, and become larger during the design 
process. The properties of the compound library need to 
fulfill therefore a number of NMR-specific require¬ 
ments. The compounds need to be soluble in water, their 
molecular properties should not exceed half the number 
that is defined in the Lipinski rules for molecular 


weight, hydrogen bond donors and acceptors. This 
allows to generate still pharmacologically relevant 
molecules that satisfy the Lipinski rules at the end of 
the design process. 

Most commonly, protein ligand interactions are 
monitored by 1 H- 15 N correlation spectroscopy (Fig. 1), 
requiring 15 N-labeled protein and approximately 10 min 
of measurement time for each spectrum. These correla¬ 
tion spectra are particularly well suited for the detection 
of the binding site, as each amino acid in the protein 
leads to exactly one cross peak caused by its backbone 
amid moiety in a usually well-resolved spectrum. Only 
few amino acids, like arginine, asparagine, glutamine 
and lycine show additional NH correlation peaks due to 
the presence of such moieties in the side chain. The 
correlation signals in correlation spectra are the 

so-called finger print of a protein, since the l H and 15 N 
chemical shifts depend on the protein sequence and 
structure, and occur therefore on individual positions, 
whereby the secondary structure has a systematical 
influence on peak position. Due to the occurrence of 
only a few signals, such spectra are usually also well 
resolved. Upon binding of a ligand (Fig. 1, right) only 
those signals in the spectmm of the undistorted protein 
(black) show chemical shift changes, which are in the 
direct neighborhood of the ligand in the complex (red). 
Chemical shift changes are usually quantified as a linear 
combination of 3 l H and 8 15 N, e.g. 

A^'h^N) = A<5('h) + A<5( 15 N)/5 

In principle, any type of NMR spectroscopy may be 
used to detect the chemical shift changes upon ligand 
binding. For very small proteins, 1D-NMR might even 


HSQC 



m - $H[ppm] 


Ligand 



Complex 


SAR-by-NMR. Figure 1 Overlay of regions from 1 H- 15 N correlation spectra of a protein without (black) and with (red) 
bound ligand (left). In case of ligand binding, only signals in the vicinity of the binding sites show chemical shift 
changes (red, right). 
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be sufficient. Other two-dimensional techniques, such 
as ! H- 13 C correlation spectroscopy or 2D-TOCSY might 
be useful in individual cases. 

Screening of compound libraries with medium 
throughput is only possible if the spectra can be recorded 
in a short period of time, and if one measurement gives 
simultaneously a number of answers. In practice, several 
ligands are usually measured in one protein sample, 
depending on the problem [5]. Mostly 10-20 ligands are 
combined to multiplexes, which need to be deconvoluted 
if a positive answer, as shown in Fig. 1 is obtained. The 
hits obtained maybe analyzed automatically or by hand 
through manual inspection of the spectra. 

Several ligands are often found to interact with the 
protein, but showing different binding modes. An 
analysis concerning the binding modes of groups of 
ligands is possible through a principle component 
analysis that is used to cluster the results according to 
concerted chemical shift changes in the respective 
correlation spectra [6]. 

The chemical shift changes observed in correlation 
spectra may be used for measuring binding constants. 
The position of the protein signal in the absence of a 
ligand is the concentration of the free protein, whereas 
an excess of ligand shifts the signal to the position of the 
one in the complex. A binding curve is the result that 
maybe evaluated by applying standard methods. The 
data are conveniently fitted with the following equation: 

_([P]o-x)([L] 0 -x) 

a d —- 

X 

[P] 0 is the total molar concentration of the protein and 
[L] 0 is the total molar concentration of ligand. X is the 
molar concentration of the bound species determined 
according to the chemical shift change: 

^obs <5free 

5 obs and 5 free are the chemical shift values for the 
target molecule determined at each concentration of 
ligand and for the protein in the absence of ligand, 
respectively. A is the difference between the chemical 
shift at saturating amounts of ligand and 8 free . 

In the case of tighter binding (nanomolar range), the 
signal of the free protein would not start to change its 
position upon addition of a ligand, but rather decrease 
in intensity, and at the position of the chemical shift 
of the respective resonance in the complex, a signal 
would appear and its intensity rise with increasing 
ligand concentration. This may also be plotted as a 
binding curve. 

Examples of the application of SAR-by-NMR 
include the design of stromelysin and human papillo¬ 
mavirus E2 protein inhibitors [7, 8]. 

A detailed analysis of designed inhibitors for 
stromeolysin by thermodynamical methods [7] showed 


that the combination of two ligands, a biphenyl 
derivative and acetohydroxamic acid, yield an increase 
in the enthalpic contributions to the binding energy, 
whereas the entropical factor remained constant. In 
the application of the method to the design of the 
virus E2 protein the potential of NMR to detect low 
affinity binding was exploited by starting a ligand 
refinement from compounds that bound in the millimo- 
lar range, and combining features of two compounds to 
one which finally showed an IC 50 of 10 pM in the 
applied test. 

►Bioinformatics 
► Combinatorial Chemistry 
►Molecular Modeling 
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Sarcolemma 


The sarcolemma is the plasma membrane of muscle 
cells. 

►Cardiac Glycosides 
►Antiarrhythmic Drugs 
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' Sarcoplasmic Reticulum 


Synonyms 

SR 

Definition 

Sarcoplasmic reticulum (SR) is a form of the smooth¬ 
faced endoplasmic reticulum (ER) in muscles. It 
functions as an intracellular Ca 2+ store for muscle 
contraction. Ca 2+ is energetically sequestered into the 
SR by Ca 2+ -pump/sarcoplasmic endoplasmic reticulum 
Ca 2+ -ATPase (SERCA) and released via Ca 2+ release 
channels on stimuli (ryanodine receptor in striated 
muscles and inositol 1,4,5-trisphosphate receptor in most 
smooth muscles). Endoplasmic reticulum in non-muscle 
tissues also functions as an intracellular Ca 2+ store. 

In striated muscles, SR is well developed to surround 
the myofibrils and is divided into two parts, the terminal 
cistemae (TC) and longitudinal tubules (LT). TC forms 
triad (skeletal muscle) or dyad (heart) structure with 
transverse tubules. The ryanodine receptor is located 
only in the TC, whereas the Ca 2+ pump/SERCA is 
densely packed in both TC and LT. 

►Ryanodine Receptor 

► Inositol 1,4,5-trisphosphate Receptor 

► Endoplasmic Reticulum 


' SARMs 


► Selective Androgen Receptor Modulators 


Saxitoxin 


Saxitoxin (STX) is a toxin which is found in marine 
microorganisms. It is most likely synthesized by 
bacteria which live in symbiosis with dinoflagellates, 
a component of phytoplankton. Through the marine 
food chain, it can lead to poisoning of humans. The 
mechanism of toxicity of saxitoxin is very similar to 
that of tetrodotoxin. Saxitoxin binds from the outside of 
the membrane to various forms of voltage-sensitive 
Na + channels and blocks the channel in an activation 
state-independent manner. 

►Voltage-dependent Na + Channels 


' Scaffold 


►Adaptor Proteins 


' Scaffolding Proteins 


Scaffolding proteins are proteins, which are able to bind 
several other proteins in order to organize these 
interacting proteins into functional complexes. Scaffold 
proteins often guide the interactions between compo¬ 
nents in such complexes. This allows, for instance in 
signaling cascades, a precise relay of the signal with 
high speed and efficiency. Scaffolding proteins also 
avoid unwanted cross talk between different functional 
protein complexes. 

In Drosophila eyes, the light-activated TRP channel 
is organized into a supramolecular complex, the 
“transducisome”, along with other transduction pro¬ 
teins, such as phospholipase C (PLC) and protein kinase 
C, through association with the scaffolding protein 
INAD, a multi PDZ domain-containing protein. The 
mammalian TRPC4 is associated with calmodulin, 
the inositol 1,4,5-triphosphate (IP 3 )-receptor and, via 
the scaffolding protein ezrin-binding phosphoprotein 
50 or NHERF, with PLC and the actin cytoskeleton. 

►AKAPs 
►Adapter Proteins 

► Phosphodiesterases 

► TRP Channels 


' Scatchard Plot 


A Scatchard plot is a plot of B/x against B (where B is 
the amount of bound ligand and x is the ligand 
concentration), which is used to estimate the maximal 
binding, Bmax as well as the binding affinity (K). 


Scavenger Receptors 


Cell-membrane proteins that endocytose oxidatively or 
otherwise modified low-density lipoproteins. 
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►Atherosclerosis 
► Lipoprotein Metabolism 


1 Schild Analysis 


Schild analysis is a very powerful method to quantify 
the potency of a competitive antagonist and to test 
whether the blockade of response by a molecule is 
consistent with simple competitive antagonism. De¬ 
vised by Arunlakshana and Schild (1959), it is based on 
the principle that the antagonist-induced dextral 
displacement of a dose-response curve is due to its 
potency (K^ value, affinity) and its concentration in the 
receptor compartment. Since the antagonism can be 
observed and the concentration of antagonist is known, 
the K eq (denoted K B for antagonist) can be calculated. 
The relationship between antagonism and concentration 
must be log-linear with a unit slope to adhere to true 
competitive kinetics. 

► Drug-Receptor Interaction 


Schizophrenia 


Schizophrenia is a psychiatric disorder characterized by 
a number of psychotic manifestations including delu¬ 
sions, hallucinations, disorganized thinking and behav¬ 
ior, amotivation, paucity of thought and speech, flat 
affect and anhedonia. The aetiology of schizophrenia is 
thought to involve a combination of genetic and 
environmental factors. While florid symptoms most 
commonly present in adolescence or early adulthood, 
they are usually preceded by premorbid changes in 
personality and social functioning. Diagnosis is made 
after exclusion of other causes of psychotic symptoms 
(e.g., head injury, cerebrovascular accident, substance 
intoxication) and based on the presence of at least two 
clinical manifestations present for at least 6 months in 
the presence of social dysfunction (DSM-IV criteria). 
Classical antipsychotic drugs (dopamine D2-like recep¬ 
tor blockers) are effective in reducing the positive 
symptoms of schizophrenia (delusions, hallucinations) 
but are less useful in treating the negative symptoms of 
the disorder (loss of affect, withdrawal). 

►Antipsychotic Drugs 
► Dopamine System 


1 Second Messenger 


A second messenger is an intracellular metabolite or ion 
whose concentration is altered when a receptor is 
activated by an agonist, considered to be the “first 
messenger.” 


Secretase 


The enzymes that are involved in the processing of APP 
into amyloid peptides are known as secretases. Beta- 
secretase is an enzyme that catalyzes the initial 
proteolytic event leading to the production of Abeta 
amyloid peptides. If APP is cleaved by beta-secretase it 
can then be further cleaved by gamma-secretase. Abeta 
peptides are either secreted or intracellularly released. 
They have varying lengths and represent intermediate 
degradation products of its precursor (i.e., P-secretase 
cleaved APP). Especially the 42 amino acid peptide 
(Ap42) aggregates to form “insoluble” amyloid 
plaques. 

►Alzheimer’s Disease 


' Secretory Pathway 


Transport of proteins and lipids occurs between the 
organelles of the secretory pathway, i.e. endoplasmic 
reticulum (ER), Golgi, endosomes, lysosomes and the 
plasma membrane. 

►Intracellular Transport 


Sedatives 


Sedatives decrease activity, moderate excitement and 
calm the recipient. In contrast to hypnotic drugs, they do 
not produce drowsiness and do not facilitate the onset 
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and maintenance of sleep. The most important group of 
sedatives are the benzodiazepines given at low or 
moderate doses. 

►Benzodiazepins 


' Seizure 


A seizure is an abnormal behavioral (often motoric) 
activity caused by abnormal electrical activity of the 
brain. Seizures can be the symptom of a chronic 
neurological malfunction, i.e. epilepsy, or can appear as 
single events, e.g. during fever in infants. 

►Antiepileptic Drugs 


Selectins 


The three selectins are related both structurally and 
functionally. They are transmembrane proteins, with an 
N-terminal C-type actin domain, followed by an EGF 
repeat and a variable number of complement control 
protein (CCP) domains. Selectins bind carbohydrates, 
which are present in various glycoproteins. 

► Inflammation 

►Table Appendix: Adhesion Molecules 


Selective Androgen Receptor 
Modulator 

Synonyms 

SARM 

Definition 

SARMs are AR ligands that display tissue-specific 
androgenic/antiandrogenic activities. 

► Selective Sex Steroid Receptor Modulators 


' Selective Estrogen Receptor 
Downregulator 

Selective estrogen receptor downregulators (SERDs) is 
a class of medication that induces an estrogen receptor 
downregulation. 

► Selective Sex Steroid Receptor Modulators 
►Targeted Cancer Therapy 


Selective Estrogen Receptor 
Modulators 

Selective estrogen receptor modulators (SERMs) are 
synthetic compounds with partially agonistic and 
partially antagonistic estrogenic properties. In bone, 
SERMs inhibit bone resorption via the mechanisms 
known for estrogens. Major SERMs are tamoxifen, a 
triphenylethylene compound, and raloxifene. In post¬ 
menopausal women, the latter has been shown to 
prevent bone loss and to reduce fracture risk by 40%. 

► Selective Sex-Steroid Receptor Modulators 
►Targeted Cancer Therapy 

' Selective Noradrenaline Reuptake 
Inhibitors 

Selective noradrenaline reuptake inhibitors (SNRIs) are 
a group of drugs, which act as antidepressants by the 
selective inhibition of the reuptake of noradrenaline 
from the synaptic cleft via the selective blockade of 
the noradrenaline-specific neurontransmitter transport¬ 
er (e.g. reboxetine). 

► Antidepressants 
►Neurotransmitter Transporters 

' Selective Progesterone Receptors 
Modulators 

Selective progesterone receptor modulators (SPRMs, 
mesoprogestins) are progesterone receptor (PR) ligands 
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that exhibit agonistic and antagonistic activities. 
Examples are J876 and J1042. 

► Selective Sex Steroid Receptor Modulators 


Selective Serotonine Reuptake 
Inhibitors 

Selective serotonine reuptake inhibitor (SSRI) is an 
abbreviation for the class of antidepressants known as 
the Selective Serotonin Reuptake Inhibitors. Examples 
of SSRIs include fluoxetine, paroxetine, citalopram, 
and sertraline. These drugs selectively inhibit the 
serotonin transporter thus prolonging the synaptic 
lifespan of the neurotransmitter serotonin. 

► Antidepressants 
►Neurotransmitter Transporters 
►Brain Derived Neurotrophic Factor 
►Neurotrophic Factors 

► Corticotropin Releasing Hormone 

► CRH 

► Serotoninergic System 


1 Selective Sex Steroid Receptor 
Modulators 

Julie M. Hall 1 , Kenneth S. Korach 2 
1 Hamner Institutes of Health Sciences, 

Research Triangle Park, NC, USA 

2 National Institute of Environmental Health Sciences, 

Research Triangle Park, NC, USA 


Synonyms 

Mixed agonists/antagonists; Tissue-specific agonists/ 
antagonists 

Definition 

Compounds that mimic the effects of sex steroids in 
some tissues, while at the same time can oppose 
endogenous hormone action in other tissues. 

Background 

The sex steroids comprise a class of hormones, including 
► estrogens, ►progestins, and ►androgens, which play 
important roles in the development and maintenance of 


the male and female reproductive systems. In addition, 
sex steroids have functions in tissues other than those 
related to reproduction. For example, estrogen is involved 
in the development and maintenance of skeletal integrity 
and is an important regulator of triglyceride and 
cholesterol homeostasis. Not all of the biological 
functions of the sex steroids are beneficial, however, as 
chronic stimulation by estrogens, progestins, and andro¬ 
gens has been implicated in the genesis and progression 
of cancers in a number of tissues. The necessity for 
compounds that retain the beneficial effects of sex 
steroids in some tissues but oppose the action of 
endogenous hormones in others has resulted in the 
generation of a novel class of pharmaceuticals termed 
► selective steroid receptor modulators (SSRMs). This 
chapter will focus primarily on known ►selective 
estrogen receptor modulators (SERMs), which represent 
a class of pharmaceuticals used clinically for cancer and 
osteoporosis, and for sustaining beneficial effects of 
estrogen in postmenopausal women [1]. The general 
mechanisms of SERMs are similar to that of ►selective 
progesterone receptor modulators (SPRMs) and ►selec¬ 
tive androgen receptor modulators (SARMs), which are 
currently in development for the treatment of progester¬ 
one- and androgen-associated pathologies, respectively. 

Mechanism of Action 

Targeting Estrogen Action in a Tissue-Specific Manner: 
The SERM Concept 

The ovarian hormone estrogen is a key regulator of the 
processes involved in the growth, differentiation and 
function of a wide variety of tissues of diverse 
functions. The importance of estrogen in sustaining 
overall health is evidenced by the adverse effects of 
hormone deficiency in postmenopausal women who 
experience increased hot flashes, depression, cardio¬ 
vascular disease, and losses in bone mineral density that 
often lead to osteoporosis. These observations have led 
to the development of ►estrogen replacement therapies 
(ERT), where premenopausal estrogen levels are 
restored, and the symptoms of menopause are alle¬ 
viated. The most well studied responses are in bone, 
where ERT can decrease the incidence of hip fractures 
by 50%, and in the central nervous system, where up to 
90% inhibition of hot flashes is observed. ERT has also 
been shown to be associated with improvement in 
cognitive function in postmenopausal women and may 
delay the onset of Alzheimer’s disease [1]. 

Although the positive effects of ERT have been 
well established, it has been shown that the cell 
proliferative actions of estrogen can increase the 
incidence of breast cancer in some patients. In addition, 
duration of exposure to physiological levels of 
unopposed estrogens is an established risk factor for 
breast, uterine, and ovarian cancer. In an effort to attain 
pharmaceutical agents that oppose the carcinogenic 
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actions of estrogens, ►antiestrogens have been devel¬ 
oped, and are being used clinically for the treatment of 

► estrogen receptor (ER)-positive breast cancers. The 
necessity for compounds that retain the beneficial 
effects of estrogen in some tissues has resulted in the 
generation of a novel class of antiestrogens, (SERMs), 
which display tissue-specific ►agonist and ►antagonist 
activities [1]. 

Molecular Mechanisms of SERM Action as a Means of 
Understanding their Tissue-Selective Activities 

The molecular pharmacology of estrogens and anti¬ 
estrogens is complex. It is clear, however, that all of 
these compounds mediate their biological activities 
through two intracellular receptors, the ERs (ERa and 
ERP) which function as ligand-inducible transcription 
factors in target cell nuclei [1]. Hormone binding to the 
receptors transduces the endocrine signal into genomic 
responses, resulting in the upregulation or downregula- 
tion of specific genes at the messenger RNA (mRNA) 
level. The mRNAs are then translated into proteins 
that function within the cells of hormone-responsive 
tissues to regulate proliferation, differentiation, and 
homeostasis (Fig. 1). 

In addition to the well-established genomic signal¬ 
ing pathway through ERa and ERp, estrogens have 
recently been shown to display rapid responses that do 
not require gene transcription. This ‘nongenomic’ 
signaling is associated with estrogen activation of other 
receptor classes such as membrane associated receptor 
tyrosine kinases and G protein coupled receptors 
(GPCR), such as the recently described ►GPCR, 

► GPR30 [2]. Specific biological functions of this 
receptor have yet to be defined, however, the ability of 
GPR30 to bind both classical ER agonists and 
antagonists suggests that GPR30 may play a role in 
antiestrogen pharmacology [2]. 

Ligand binding is an event that initiates ER signaling. 
According to classical receptor theory, agonists (such as 
endogenous estrogens) act as molecular switches, 
converting ER from an inactive to an active form. 
Antiestrogens, synthetic compounds developed to 
oppose the action of natural hormone, were thought to 
competitively inhibit agonist binding and in doing so 
were able to lock the receptor in a latent state. Thus, it 
was considered that when corrected for affinity all 
agonists were functionally indistinguishable, and like¬ 
wise, antagonists were all the same. However, the 
existence of SERMs indicated that this model is 
oversimplified, as it does not account for the biology 
of known antiestrogens. Some of the first evidence that 
antiestrogens do more than freeze ER in a latent state 
and thus play a more active role in ER action came from 
clinical studies of patients that were administered 
►tamoxifen as adjuvant therapy for estrogen-dependent 
breast tumors. Strikingly, while tamoxifen blocked the 
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Figure 1 The biological effects of estrogens are 
mediated through estrogen receptors (ERs). Hormone 
diffuses into target cells where it binds to nuclear ERs. 
This event induces a conformational change in ER that 
enables the receptor to bind to the regulatory region of 
estrogen-responsive genes. The DNA-bound ER 
interacts with components of the general transcriptional 
apparatus (GTA) to induce gene transcription. The 
resultant mRNAs are transported into the cell cytoplasm 
where they are translated into proteins. These proteins 
function with the cell to mediate biological responses. In 
addition to classical nuclear ER-mediated pathways, 
nongenomic, rapid actions of estrogens have recently 
been identified. Estrogen binds cell surface receptors 
such as membrane-associated ERs or GPR30, a 
G-protein activated receptor. Hormone binding to either 
membrane ERs or GPR30 can activate downstream 
kinase signaling pathways. The biological 
consequences of nongenomic estrogen signaling are 
currently under investigation. 


actions of estrogen in breast cancer cells, it was shown 
to function as an agonist in bone and the uterus, 
mimicking the actions of estrogen. The observation that 
tamoxifen displays tissue-specific agonist/antagonist 
activities was inconsistent with the classical definition 
of antagonist action, and furthermore, suggested that 
this compound may alter ER in such a way that the 
liganded receptor would be recognized differently in 
distinct cell types [1]. 

The concept that different ligands play an active role 
in ER function is apparent at the biochemical level. In 
addition to competitive inhibition of estrogen binding, 
antiestrogens induce unique conformations/structures 
of both ERa and ERp. This provides a structural basis 
for the unique biological activities displayed by the 
different compounds [1]. 

The understanding of diversity in ligand-mediated 
ER activity was advanced by the discovery of transcrip¬ 
tional cofactors. These proteins, termed ►coactivators 
and ►corepressors, bind the liganded ER and enhance 
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or decrease ER-mediated transcription of target genes, 
respectively. The ability of different ER agonists and 
antagonists to induce different conformations of the 
receptors influences the binding of coactivators and 
corepressors to the receptors (Fig. 2). Different ligands 
induce unique structural changes in ER that result 
in differential recruitment of coactivators and core¬ 
pressors, leading to diversity in biological response. 
This provides a mechanism by which different ligands 
acting through the same receptor can mediate unique 
biological effects [1]. For example, estrogen induces 
coactivator recruitment to ER, whereas when bound to 
the pure antiestrogen ICI 182,780, (A pure ER 
antagonist that opposes estrogen action in all tissue 
contexts.) the conformation of ER is compatible with 
corepressor (but not coactivator) binding. Correspond¬ 
ingly, estrogen is a full agonist of ER, while ICI 
functions as a pure antagonist on the receptor. In 
contrast, when bound to the SERM tamoxifen, which 
displays both agonist and antagonist activities, ER is 
capable of interacting with either coactivators or 
corepressors. It is likely that diversity in the availability 
of coactivators or corepressors in different target cells 
may be the mechanism underlying the tissue-specific 
agonist/antagonist activities of tamoxifen and other 
SERMs. Thus, it will be important to identify the 
cofactor proteins present in different ER target cells in 
order to allow mechanistic screening for new tissue- 
targeted SERMs. 

Interestingly, the antagonist activity of ICI and other 
antiestrogens has also been recently attributed to the 
ability of these compounds to induce degradation of the 
ER protein in estrogen target tissues. It is thought that 
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Figure 2 Cofactor binding is regulated by the structure 
of the ligand-ER complex. Different ligands induce 
distinct conformations of ER, leading to differential 
cofactor recruitment. Pure agonists like estrogen, drive 
the receptor into a structure compatible with coactivator 
binding, whereas pure antagonists (IC1182,780) induce 
a conformation recognized by corepressors. SERMs like 
tamoxifen, which display both agonist and antagonist 
activities on ER, permit the receptor to interact with either 
coactivators or corepressors. 


coactivator and corepressor recruitment to the ER is 
involved and may facilitate receptor degradation, 
however, further investigation is needed to define the 
specific cofactor complexes involved [3]. 

Clinical Use 

Mechanistic Classes of Antiestrogens and SERMs 

ER antagonists comprise two broad categories: pure 
antiestrogens and SERMs. A summary of the different 
biological functions associated with some of the known 
antiestrogens is displayed in Table 1 . 

Pure Antiestrogens : Pure antiestrogens, represented 
by ICI 182,780, oppose estrogen and ER activity in all 
tissues [1]. In theory, these properties make Type I 
antiestrogens useful in cancer therapy, since they block 
the carcinogenic effects of estrogen in the breast and 
reproductive system. However, since ICI 182,780 lacks 
the beneficial agonist effects of estrogen in bone, the 
cardiovascular, and the central nervous systems, the 
clinical use of this compound is limited to patients with 
advanced breast cancer who have become resistant to 
tamoxifen (see below). 

SERMs : 

1. First Generation: The triphenylethylene tamoxifen 
(Nolvadex) is the most well-characterized SERM, 
used clinically since 1971. The notable antagonist 
effects of tamoxifen in the breast make it a first line 
therapy for the treatment of pre- and postmenopausal 
women with estrogen-responsive advanced (Stage 
IV) breast cancer. In addition to the use in the 
prevention and treatment of cancer, tamoxifen has 
very beneficial effects in the maintenance of bone 
mineral density and decreases serum triglyceride 
(LDL) levels in postmenopausal women. Unfortu¬ 
nately, the estrogenic activity of tamoxifen provides 
for undesirable uterotrophic effects, leading to an 
increased risk for endometrial cancer in women 
undergoing prolonged tamoxifen therapy. Similar to 
that seen in women on ERT, tamoxifen also induces 
ovarian cysts due to its agonist activity in the ovary. 
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Table 1 Biological activities of ER ligands in selected 
target tissues 



Bone 

Breast 

Cardiovascu- 

lature 

Uterus 

Estrogen 

+++ 

+++ 

+++ 

+++ 

IC1182,780 

- 

- 

- 

- 

Tamoxifen 

+ 

- 

+ 

+ 

Raloxifene 

+ 

- 

+ 

- 

Lasofoxifene 

++ 

- 

++ 

- 


+ denotes agonist activity; - denotes antagonist activity 
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An additional concern has been the observed 
development of “tamoxifen resistance” in a signifi¬ 
cant proportion of women after 5 years of antiestro¬ 
gen therapy. This term refers to the phenomenon by 
which certain breast cancers alter their biology and 
recognize the compound as an agonist for growth. 
Other tamoxifen-derived compounds such as tor- 
emifene, droloxifene and idoxifene are currently 
being evaluated in clinical studies for their potential 
long-term beneficial effects in antagonizing ER- 
positive breast tumor growth [1]. 

2. Second Generation: Second generation SERMs 
were developed with the objective of obtaining 
ER-targeted pharmaceuticals that lacked the utero- 
trophic and carcinogenic effects of tamoxifen. The 
most well characterized second generation SERM is 
►raloxifene (EVISTA). This compound functions as 
an estrogen in bone and the cardiovascular system, 
but acts as a pure antagonist in the breast and uterus. 
Type II antiestrogens are currently in clinical use; 
raloxifene was shown to prevent bone loss in precli- 
nical trials of postmenopausal osteoporosis. Conse¬ 
quently, raloxifene received FDA approval for the 
prevention and treatment of osteoporosis in 1999 
and is now widely used in the clinic [1, 3]. The 
► STAR trial (Study of tamoxifen and raloxifene), 
which was completed in 2006, demonstrated 
additional utility of raloxifene in the prevention 
and treatment of breast cancer. In fact, the absence of 
associated uterotrophic effects with raloxifene 
suggests that it may be a safer agent than tamoxifen 
for use as a chemopreventative in high-risk post¬ 
menopausal women [3]; therefore, raloxifene has 
very recently become a new option for breast cancer 
prevention now available for physicians and their 
patients. 

3. Third Generation: Third generation SERMs are ER- 
targeted pharmaceuticals that possess the favorable 
qualities of raloxifene, but are more effective in their 
estrogenic effects of enhancing bone mineral density 
and in decreasing serum LDL and cholesterol levels. 
Many of these compounds, such as ►bazedoxifene 
and ►lasofoxifene are presently being evaluated in 
clinical trials for their efficacy in the prevention of 
osteoporosis [3]. 

Quest for the “Perfect” SERM 

Recently, leaders in the pharmaceutical industry have 
developed a list of desired properties for a fourth 
generation of SERMs (Table 2). In general, future 
SERMs must oppose endogenous hormone action in the 
breast and reproductive system while displaying full 
estrogenic effects in the cardiovasculature, bone and 
central nervous systems. Additional criteria are that 
fourth generation compounds possess superior bio¬ 
availability compared with existing SERMs and have 
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Table 2 Criteria for fourth generation SERMs 


1 

Antagonize estrogen action in the breast and ovary 

2 

Display no uterotrophic activity 

3 

Bone protective to the full extent of estrogen 

4 

Possess better cardiovascular and central nervous 
system profiles than current SERMs 

5 

Possess superior bioavailability than current SERMs 

6 

Contain potential benefits for men in protection against 
age-related bone loss and increases in cholesterol 
levels, without displaying estrogenic proliferative ef¬ 
fects in the prostate 


additional indications in men for bone protection and 
cardioprotection. 

In addition to those described above, some of 
the newest compounds emerging in SERM develop¬ 
ment are ERp-selective ligands and pathway-selective 
modulators that target the interaction of the ERs 
with the transcription factor NFkB. While such 
compounds are in the early stages of clinical evaluation, 
thus far they demonstrate great potential for use in the 
treatment of inflammatory disorders such as arthritis, 
inflammatory bowel disease, and like other SERMs, 
cancer [4]. 

Selective Progesterone Receptor Modulators (SPRMs) 

Progestins (progesterone and related compounds) are 
ovarian hormones that mediate their biological effects 
through an intracellular ►progesterone receptor (PR), a 
hormone-inducible transcription factor. Progesterone is 
involved in the development of the female reproductive 
system, pregnancy and fertility, and in regulation of 
gonadotropin hormone secretion. Progestins are used 
clinically in oral contraceptives, to induce abortion 
and missed menses, and in treatment of endometriosis 
and fibroids [1]. Since progestins function as antiestro¬ 
gens in the uterus, yet display proliferative effects in 
the breast, pharmaceutical companies are currently 
engaged in efforts to develop compounds that display 
tissue-targeted progestin/antiprogestin activities. This 
should provide for an additional class of anticancer 
agents that retain the beneficial effects of progesterone 
in selected tissues. 

The first SPRM to reach the advanced stage of 
clinical development for treatment of ►endometriosis 
and uterine fibroids, ►asoprisnil, is expected to 
receive FDA approval this year. The therapeutic 
effect of asoprisnil stems from its PR antagonist/ 
antiproliferative activity in the endometrium and breast. 
Unlike classical PR antagonists however, this com¬ 
pound does not induce labor in animal models of 
pregnancy and parturition. Recent structural studies 
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demonstrated that asoprisnil-bound PR resides in a 
different conformation than PR complexed with 
progesterone. These structural differences might ex¬ 
plain the agonist/antagonist behavior of this compound, 
as in contrast to progesterone or PR antagonists, 
asoprisnil facilitates recruitment of both coactivators 
and corepressors to PR [5]. 

Selective Androgen Receptor Modulators (SARMs) 

Androgens (testosterone and related compounds) 
comprise a class of male steroid hormones secreted 
by the testes. Androgens are essential for spermato¬ 
genesis, formation of reproductive organs and devel¬ 
opment of secondary sexual characteristics. In 
addition, androgens are involved in bone and muscle 
growth, regulation of hypothalamic-pituitary hor¬ 
mone secretion, reproductive behavior, and neural 
regeneration [1]. Unfortunately, prolonged exposure 
to unopposed androgens is an established risk factor 
for prostate cancer, a serious health concern among 
middle-aged and elderly men. The proliferative effects 
of androgens in the prostate are mediated through the 
► androgen receptor (AR), which like ER and PR, 
functions as a hormone-inducible transcription factor 
in target cells. AR antagonists (antiandrogens) are 
currently in development and clinical use for prostate 
cancer, as they oppose the proliferative actions of 
androgens in the prostate [1]. 

Tissue-targeted antiandrogens termed SARMs are 
currently in the early stages of development, and 
preclinical data is very promising. The high anabolic 
activity in selective tissues such as muscle and bone 
indicates that SARMs could be used in the treatment or 
prevention of many diseases such as muscle wasting, 
osteoporosis, frailty, or other conditions that are a 
consequence of aging or androgen deficiency. Two 
other indications for SARMs are currently under 
investigation: (i) partial anti-androgenic activity of 
some compounds in the prostate suggests their utility 
in benign prostate hyperplasia and (ii) the identifica¬ 
tion of agents that selectively inhibit spermatogen¬ 
esis may provide a novel hormonal means of male 
contraception. 

Summary 

The sex steroids comprise a family of hormones, which 
share a similar mode of action through binding nuclear 
receptors and regulating the expression of genes 
involved in cell proliferation, differentiation and 
function. Sex steroids have a wide range of biological 
roles in reproduction and in other organ systems. While 
many hormone functions are critical for homeostasis, 
chronic stimulation of sex steroid-mediated pathways 
has also been implicated in cancer and other patholo¬ 
gies. The necessity for compounds that retain the 
beneficial effects of sex steroids in some tissues 


but oppose the action of endogenous hormones in 
others has resulted in the generation of SSRMs, which 
display tissue-specific agonist and antagonist activities. 
Further investigation into the mechanisms by which 
different cells recognize liganded-receptor complexes 
in a unique manner will provide for mechanistic 
screening for new pharmaceuticals that display more 
specific and effective tissue-targeted activities. 
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1 Self Tolerance 

During differentiation of T- or B-lymphocytes® antigen 
receptors are generated which react to self or ®autoantigens. 
These are generally eliminated by the mechanisms of 
central tolerance or kept silent by the mechanisms of 
peripheral tolerance (®autoimmune disease). 

►Autoimmune Disease 


Sema Domain 


The Sema domain consisting of about 500 amino acids 
is characterized by highly conserved cysteine residues 
that form intramolecular disulfide bonds. Crystal struc¬ 
tures have revealed that the Sema domain folds in the 
manner of the P propeller topology which is also found 
in integrins or the low-density lipoprotein (LDL) recep¬ 
tors. Sema domains are found in semaphorins, plexins 
and in the receptor tyrosine kinases Met and Ron. 

►Plexins 
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' Semaphorins 


Semaphorins are secreted, membrane-associated or trans¬ 
membrane proteins defined by the presence of a sema- 
phorin protein domain (Serna domain). In the mammalian 
system, more than 20 semaphorins have been identified 
which play important roles in a variety of tissues. The best 
characterized receptors for mediating semaphorin effects 
are members of the neuropilin and plexin families of 
transmembrane proteins. Semaphorin functions are best 
described in the regulation of neural development, 
angiogenesis, immunoregulation and cancer. 

►Plexins 


Senescence 


Senescence is defined as cellular ageing resulting in an 
irreversible cell cycle arrest. Primary cells divide about 
50 times and then are arrested due to senescence. 
Senescence is associated with shortening of telomeres. 

► Cell Cycle Control 
►Telomerase 


Sensitization 


Sensitization has been implicated in the development of 
compulsive drug use and involves a dramatic augmen¬ 
tation of behavioral and neurochemical responses 
associated predominantly with mesolimbic dopamine 
transmission that often develops with intermittent 
exposure to drugs of abuse. Whether sensitization of 
mesolimbic dopamine neurons is linked to enhanced 
rewarding efficacy remains unclear. Indeed, current 
conceptualizations of the significance of sensitization in 
compulsive drug-seeking behavior hold that, rather than 
enhancing “reward,” repeated drug use leads to a 
progressive and persistent hypersensitivity of neural 
systems that mediate “incentive salience” resulting in 
excessive craving. 

► Drug Addiction/Dependence 


Sensory Nerves 


Sensory nerves are peripheral nerves involved in the 
detection of exogenous and endogenous stimuli for 
transmission into the CNS. They can be subdivided into 
RARs and C-fibres according to their channel char¬ 
acteristics. 

►Antitussive Drugs 
►Nociception 


' Sentrin 


► SUMOylation 


Septicemia 


Septicemia is generally a serious illness caused by the 
presence of bacteria and/or bacterial toxins in the blood 
(blood poisoning). 

►Anticoagulants 


' Sequence Contig 


A contig consists of a set of gel readings from a 
sequencing project that are related to one another by 
overlap of their sequences. The gel readings of a contig 
can be combined to form a contiguous consensus 
sequence whose length is called the length of the 
contig. 

► Bioinformatics 


' Sequence Profile 


A sequence profile represents certain features in a 
set of aligned sequences. In particular, it gives 
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position-dependent weights for all 20 amino acids and 
as for insertion and deletion events at any sequence 
position. 

►Bioinformatics 


Sequence-specific Transcription 
Factors 

Proteins that bind DNA at specific DNA sequences 
often distal from transcriptional start sites of genes. 
Their binding and activity is usually cell type or 
stimulus triggered, which subsequently decondensate 
the chromatin and finally lead to the recruitment of 
general transcription factors and the RNA polymerase. 

► Transcriptional Regulation 


1 Sequential Preparations 


Sequential preparations contain only estrogens in the 
first and a fixed estrogen/progestin combination in the 
second phase of the application period. 

► Contraceptives 


'SERCA 


Sarcoplasmic calcium ATPase; this enzyme utilizes the 
energy gained from hydrolysis of ATP to pump calcium 
from the cytosol into the stores of the sarcoplasmic 
reticulum. Its activity is negatively regulated by the 
closely associated protein phospholamban, and this 
inhibition is relieved upon phosphorylation of phos¬ 
pholamban by protein kinase A (PKA). 


Serine-hydroxymethyltransferase 


The amino acid glycine, a neurotransmitter at inhibitory 
synapses throughout the central nervous system (CNS), 


is preferentially synthesized by the tetrahydrofolate and 
pyridoxal phosphate-dependent enzyme serine-hydro- 
xymethyltransferase. In the CNS, glycine synthesis 
involves the mitochondrial isozyme. While serine- 
hydroxymethyltransferase may also contribute to gly¬ 
cine catabolism, the preferred degradation is via the 
glycine cleavage system, resulting in the formation of 
to C0 2 and ammonia. 

►Glycine Receptors 


1 Serine Proteinases 


Serine proteinases are proteinases that utilise the 
terminal hydroxyl group of the side chain of serine to 
affect peptide bond hydrolysis. 

►Non-viral Peptidases 
►Proteinase-activated Receptors 


1 Serine/Threonine Kinase 


►Table appendix: Protein Kinases 


' SERM 


Selective Estrogen Receptor Modulators. 

► Sex Steroid Receptors: Androgen Receptor, Estrogen 
Receptors, Progesterone Receptor 


Serotonin 


Serotonin or 5-hydroxytryptamine is an important 
biogenic amine, which is synthesized via 5-hydroxy- 
tryptophan from the amino acid tryptophan. The highest 
concentration of serotonin occurs in the wall of the 
intestine. About 90% of the total amount is present in 
enterochromaffin cells, which are derived from the 
neural crest, similarly to those of the adrenal medulla. 












1120 Serotoninergic System 


Enterochromaffm cells are interspersed with mucosal 
cells mainly in the stomach and small intestine. In the 
blood, serotonin is present at high concentrations in 
platelets, which take up serotonin from the plasma by an 
active transport process. Serotonin is released on 
platelet activation. In the central nervous system, 
serotonin serves as a transmitter. The main serotonin- 
containing neurons are those clustered in form of the 
Raphe nuclei. Serotonin exerts its biological effects 
through the activation of specific receptors. Most of 
them are G-protein coupled receptors (GPCRs) and 
belong to the 5-HT r , 5-HT 2 -, 5-HT 4 -, 5-HT 5 -, 5-HT 6 -, 
5-HT 7 -receptor subfamilies. The 5-HT 3 -receptor is a 
ligand-operated ion channel. 

► Serotoninergic System 
►Psychotomimetic Drugs 


Serotoninergic System 


Daniel Hoyer 

Psychiatry/Neuroscience Research, Novartis Institutes 
for Biomedical Research Basel, Basel, Switzerland 


Synonyms 

Serotonin = 5-Hydroxytryptamine = 5-HT (= enteramine) 

Definition 

The serotoninergic system is one of the oldest 
neurotransmitter/hormone systems in evolution, which 
may explain why ►5-HT interacts with such a diver¬ 
sity of receptors of the G protein-coupled family and 
the ligand-gated family, similarly to acetylcholine, 
GABA or glutamate. 5-HT was discovered in the 
gut in the 1930s and called enteramine, then redis¬ 
covered in the 1940s in the blood and called serotonin, 
since it constricted smooth muscle in vessels and gut. 
5-HT is synthesized from L-tryptophan, there are two 
tryptophan hydroxylases forming 5-hydroxytrytophan 
(5-HTP), which by the L-amino acid decarboxylase 
leads to 5-HT; serotonin can be conjugated with 
glucuronide or sulfate or in the nervous system, 
metabolized via monoamine oxydase to 5-hydroxyin- 
dolacetaldehyde and finally to 5-hydroxyindolacetic 
acid (via aldehydedehydrogenase). It can also lead to 
5-hydroxytryptophol by an aldehydereductase in some 
peripheral nerves. Thus, 5-HT acts both as a neuro¬ 
transmitter with all the features, such as intracellular 
storage, activity-dependent release, the existence of both 
pre- and post-synaptic receptors, an active uptake 


system, via the serotonin transporter and metaboliz¬ 
ing/inactivating enzymes and a hormone, released into 
the blood or gut to work more distantly. 

Basic Characteristics 
Physiology 

The main source of 5-HT (95%) is in the enterochro- 
maffin cells of the gut, where it is synthesized from 
tryptophan. It can be released into the gut lumen, 
e.g. as a reaction to pressure and act on receptors 
located on the smooth muscle, or into the portal blood 
circulation, by a variety of nervous or alimentary 
stimuli. 5-HT is also found in enteric neurons. In the 
blood, the vast majority of 5-HT is found in storage 
granules in the platelets, which are endowed with a very 
active uptake system (they probably do not synthesize 
5-HT). Large amounts of 5-HT are released during 
platelet aggregation, and it can act locally on endotheli¬ 
al cells and vascular smooth muscles. 5-HT is also 
found in mast cells. In the central and peripheral 
nervous system, 5-HT acts as a neurotransmitter on a 
large variety of receptors, which may be located pre-or 
post-synaptically. 5-HT is also found in the pineal 
gland, where it is believed to serve essentially as a 
precursor for the synthesis of melatonin by 5-HT-A- 
acetyltransferase and hydroxyindole-O-methyltransfer- 
ase, under the control of the clock genes in the 
suprachiasmatic nucleus, which during the circadian 
rhythm modulates enzyme activity levels up to 50 fold. 

Multiple 5-HT Receptor Subtypes 

There are at least 15 different 5-HT receptors, and 
the system is probably more complex (see Tables 1-3 
and Fig. 1). With the exception of 5-HT 3 receptors, 
(ligand-gated ion channels), 5-HT receptors belong to 
the ►G protein-coupled receptor (GPCR) superfamily 
and represents one of the most complex families 
of neurotransmitter receptors. Multiple splice variants 
(5-HT 2C , 5-HT 4 , 5-HT 7 ) or RNA edited isoforms 
(5-HT 2C ) have been described; there is also evidence 
that homo-and hetero-dimerization (5-HT 1B/1D ) can 
occur. Furthermore, peptide or lipid modulators of 
5-HT receptors have been described such as 5-HT 
moduline (Leu-Ser-Ala-Leu (LSAL), a putative product 
of a chromogranin), which has selectivity for the 
5-HT 1B and 5-HT 1D receptors, or oleamide, which acts 
on several receptors (e.g. 5-HT 2A/2C and 5-HT 7 ). As 
molecular biology started to play a prominent role in the 
discovery of additional receptors, the Serotonin Club 
Receptor Nomenclature Committee proposed a classi¬ 
fication system based on operational, structural, and 
transductional information [1]. The current classification 
[4] was progressively adapted to incorporate new 
information, obtained from both recombinant and native 
receptors, and favors an alignment of nomenclature 
with the human genome to avoid species differences. 




Serotoninergic System. Table 1 5-HT 1 receptors 
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Serotoninergic System. Table 2 5-HT 2 , 3, 4 receptors 


Nomenclature 

5-HT 2a 

5-HT 2b 

5-HT 2C f 

5 -HT 3 

5-HT 4 

Selective 

Agonist 

DOI 

BW 723C86 

Ro 600175 

SR 57227, mCPB 

BIMU 8, 

SC53116 

Rank order 


5-HT = a-me-5-HT > 

BW723C86 
> 5-CT = 2-me-5-HT 
»sumatriptan 

5-HT = a-me-5-HT > 

DOI>RU-24969 = 
quipazine > 5-CT > 
sumatriptan 

m-CPB > 5-HT > 
2-me-5-HT»5- 

MeOT 

ML10302, RS 
67506 

SC53116>BIMU 

8 > 5-MeOT > 

a-me-5-HT > 
cisapride > 
(S)-zacopride > 
5-CT 

Selective an¬ 
tagonists (pK B ) 

Ketanserin 
(8.5-9.5) 

SB 200646 (7.5) + + 

Mesulergine (9.1) 

Granisetron (10) 

GR 113808 
(9-9.5) 

MDL 100907 (9.4) 

SB 204741 (7.8) 

SB 242084 (9.0) 

Ondansetron 

(8-10) 

SB 204070 
(10.8) 

RS 102221 (8.4) 

Tropisetron 

(10-11) 

RS 100235 
(11.2) 

Radioligands 

[ 125 l]DOI 

[ 3 H]5-HT 

[ 125 I]LSD 

[ 3 H](S)-zacopride 

[ 125 I]SB 207710 

[ 3 H]Ketanserin 


[ 3 H]Mesulergine 

[ 3 H]tropisetron 

[ 3 H]GR 113808 

[ 3 H]MDL 100907 



[ 3 H]granisetron 

[ 3 H]RS 57639 

[ 3 H]GR 65630 


[ 3 H]LY 278584 


Effector 

G q /ii Preferentially 
increases Pi 
hydrolysis and 
elevates [Ca 2+ ]j 

G q /ii Preferentially 
increases Pi 
hydrolysis and 
elevates [Ca 2+ ]j 
(in recombinant 
systems) 

Gq/n Preferentially in¬ 
creases Pi hydrolysis 
and elevates [Ca 2+ ]| 

Intrinsic ligand¬ 
gated ion channel 

G s Preferentially 
increases cAMP 

formation. 

Promotes 
increased [Na+] 
[Ca 2+ ]i 

Localization 

CNS: Cortex, 
hippocampus, stri¬ 
atum, olfactory 
bulb, spinal cord 

CNS: not present in 
adult. 

CNS: Choroid plexus, 
medulla, pons, stria¬ 
tum, hippocampus 
(CA1, CA3), 
hypothalamus, spinal 
cord 

CNS: Striatum, 
hippocampus 
(CA1), substantia 
nigra, globus pal- 
lidus. 

CNS: Striatum, 
brainstem, 
thalamus, 
hippocampus, 
olfactory bulb, 
substantia nigra 

Peripheral. Gl, 
vascular and 

bronchial smooth 
muscle, vascular 
endothelium, 
platelets 

Peripheral: Smooth 
muscle of ileum, 
stomach fundus 
(rat), uterus, 
vasculature, 
endothelium 

Peripheral: None 
identified 

Peripheral: 
Post-ganglionic 
sympathetic 
neurons, sensory 

neurons 

Peripheral: 
Cardiac muscle, 
post-ganglionic 
parasympathetic 

neurons 

(myenteric 

plexus), 

esophageal and 
vascular smooth 

muscle 


Currently, seven families of 5-HT receptors have been 
recognized, 5-HT! to 5-HT 7 . 

The 5-HTi receptor class comprises five receptors 
(5-HT 1A , 5-HT 1b , 5-HT 1d , 5-ht 1Ej and 5-HT 1F ) which, 
in humans, share 40-63% overall sequence identity 
and couple somewhat preferentially to G i/o to inhibit 
cAMP formation (see Tables 1-3). The 5-ht 1E receptors 
are given a lower case appellation to denote that 


endogenous receptors with a physiological role have 
not yet been found, and may not even exist in rodents 
(rat, mouse). In contrast, 5 -HTi A , 5-HTi B , 5-HTi Dj and 
5-HT 1F receptors have been demonstrated functionally 
in a variety of tissues. The 5-HTi C designation is 
vacant, as the receptor was renamed 5-HT 2 c, due to 
structural, operational, and transductional similarities 
with the 5-HT 2 receptor family. 
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Serotoninergic System. Table 3 5-HT 5 6 7 receptors 


Nomenclature 

5-ht 5A 

5-ht 5B 

5-HT 6 

5-HT 7 

Selective Agonist 

- 

- 

- 

I 

Rank order 




5-CT> 5-HT > 8-0 H- 
DPAT > sumatriptan 

Selective antagonists 
(pK B ) 

A-843277 (8.1) 

- 

Ro 630563 (7.9) 

SB 258719(7.9) 

A-833551 (8.5) 


SB 271046 (7.8) 

SB 269970 (9.0) 



SB 357134 (8.5) 


Radioligands 

[ 125 I]LSD 

[ 125 l] 

LSD 

[ 125 I]SB 258585 

[ 125 I]LSD 

[ 3 H]5-CT 

[ 3 H]5-CT 

[ 125 I]LSD 

[ 3 H]SB 269970 



[ 3 H]5-HT 

[ 3 H]5-CT 


[ 3 H]5-HT 

G protein effector 

Gs Gi? increases (de¬ 
creases) 
cAMP formation 

not 

identified 

G s preferentially increases 
cAMP formation 

G s preferentially 
increases cAMP 

formation 

Localisation 

CA/S: Hippocampus 
(CA1, CA3, 

DG), cortex, cerebellum 
(granular layer), 
olfactory bulb, 
habenula, spinal cord 


CNS: Caudate putamen, 
olfactory tubercle, nucleus 
accumbens, cortex, 
hippocampus (CA1, CA3, 

DG) 

CNS: Hippocampus 
(CA1, CA2), hypothalamus, 
thalamus, superior 
colliculus, raphe nuclei 

Peripheral: GI and 
vascular smooth 
muscle, sympathetic 
ganglia 

Peripheral: Superior cervical 
ganglion 

Peripheral: None 
identified 





Ligand-gated channels(S) 


5-HT 3A 

5-HT3B 


5-HT, 


-VE 


G-PRGTEIN COUPLED RECEPTORS 


+VE 


5~HT iA * 
5-HT iB - 
5‘HT tD - 


5-HTiT 




CAMP 


5-HT 4 

5-HT e 

5-HT 7 


PLC 


5-HT^ 

5-HT 3B 

5-HT 2C 


ShtsA 

5-htse 


Serotoninergic System. Figure 1 Graphical representation of the current classification of 5-hydroxytryptamine 
(5-HT) receptors. Receptor subtypes represented by shaded boxes and lower case designate receptors that 
have not been demonstrated to definitively function in native systems. Abbreviations: 3-5' cyclic adenosine 
monophosphate (cAMP); phospholipase C (PLC); negative (-ve); positive (+ve) 


5-HT 2A , 5-HT 2B and 5-HT 2C receptors exhibit 46- 
50% overall sequence identity and couple preferentially 
to Gq/n to increase inositol phosphates and cytosolic 
[Ca 2+ ] (see Tables 1-3). 


5-HT 3 receptors belong to the ligand-gated ion 
channel receptor superfamily, similar to the nicotinic 
acetylcholine or GABA a receptors and share elec- 
trophy siological and structural patterns. The receptors 
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are found on central and peripheral neurons where they 
trigger rapid depolarization due to the opening of 
nonselective cation channels (Na + , Ca 2+ influx, K + 
efflux). The response desensitizes and resensitises 
rapidly. The native 5-HT 3 receptor, as revealed by 
electron microscopy in neuroblastoma-glioma cells, is a 
pentamer, and there may exist three different subunits, 
5-HT 3A , 5-HT 3B , and 5-HT 3C . Currently, the consensus 
is that native receptors are best reproduced by the 
heteromeric combination of 5-HT 3A and 5-HT 3B 
subunits. 5-HT 3B homomers lack functions (as is the 
case for 5-HT 3C ), and it appears that 5-HT 3A receptors 
need to form heteromers to become functional (with, 
e.g. 5-HT 3B ). It has been suggested that 5-HT 3 receptors 
can heterodimerize with other members of the super¬ 
family (e.g. nicotinic alpha7), but this has not been 
demonstrated in situ. 

5-HT 4 , 5-HT 6 and 5-HT 7 receptors all couple 
preferentially to G s and promote cAMP formation, yet 
they are regarded as distinct receptor classes because of 
their limited (<35%) overall sequence identities. This 
subdivision is arbitrary and may be subject to future 
modification. 

Two subtypes of the 5-ht 5 receptor (5-ht 5A and 
5-ht 5B ), sharing 70% overall sequence identity, have been 
found in rodents. The human 5-ht 5B receptor gene does 
not encode a functional protein due to the presence of 
stop codons in its coding sequence. Human recombi¬ 
nant 5-ht 5A receptors inhibit forskolin-stimulated 
cAMP production, although the receptor may also 
couple positively to cAMP. Currently, a physiological 
readout for this receptor is still missing, although 
A-843277, a selective 5-ht 5A antagonist has antidepres¬ 
sant/antipsychotic properties in rodent models. 

Additional endogenous 5-HT receptors have been 
defined pharmacologically, although a corresponding 
gene product encoding the receptor has not yet been 
identified. As long as their structure is unknown, these 
receptors are regarded as orphans in the current 
nomenclature. One of these however, the so-called 
“5-HT!-like” receptor mediating direct vasorelaxation 
corresponds to the 5-HT 7 receptor. On the other hand, 
the situation with the remaining ►orphan receptors 
(see 3) has not evolved further and thus the status quo 
ante remains. In particular, no progress has been made 
with the so-called 5-HTi P receptor, which is present 
in the gut and whose pharmacology is reminiscent of 
the 5-HT 4 receptors, with the restriction that some of the 
ligands described, like the 5-HT dipeptides do not affect 
5-HT 4 receptors. The 5-HTi P could be a heterodimer, 
but the putative partners remain to be identified. 

Pathophysiology/Clinical Applications 

5-HT has been implicated in the etiology of numerous 
disease states, including depression, anxiety, social 
phobia, schizophrenia, obsessive compulsive disorders, 


panic and sleep disorders, migraine, vascular and pul¬ 
monary hypertension, eating disorders, nausea/vomiting, 
► irritable bowel syndrome (IBS) and other functional 
GI disorders, by interacting at different receptors or 
transporters (see 2, 3, 5, 6). 

Indeed, 5-HT is also a substrate for the 5-HT 
transporter, itself an important player in the treatment of 
depression, and more recently for the whole range of 
anxiety disorders spectrum (GAD, OCD, social and other 
phobias, panic and post-traumatic stress disorders). It is 
the target for ►SSRIs (selective serotonin reuptake 
inhibitors) such as fluoxetine, paroxetine, fluvoxamine, 
and citalopram or the more recent dual reuptake inhibitors 
(for 5-HT and noradrenaline, also known as SNRIs) such 
as venlafaxine. Currently, there are efforts to develop 
triple uptake inhibitors (5-HT, NE, and DA). Further 
combinations are possible, e.g. SB-649915, a combined 
5 -HTi A , 5-HT 1b , 5 -HT 1d inhibitor/selective serotonin 
reuptake inhibitor (SSRI), is investigated for the treat¬ 
ment of major depressive disorder. 

5-HTi A receptor agonists, such as buspirone or 
gepirone, are being used/developed for the treatment 
of anxiety and depression. Furthermore, the 5 HTi A 
receptor and P-adrenoceptor antagonist, pindolol, was 
reported to enhance the therapeutic efficacy and shorten 
the onset of action of SSRIs upon co-administration 
in severely depressed patients. Both positive and 
negative findings have been reported, as is common 
in depression trials; it is suggested that the com¬ 
bination therapy functions provided that sufficient 
5 -HTi A receptor occupancy is reached. Flesinoxan, a 
5-HT 1A receptor agonist, was initially developed as an 
anti-hypertensive agent, however its effects in patients 
were disappointing and this approach has now been 
abandoned. S-37245 is a 5-HT 1A antagonist which is 
under investigation for the potential treatment of 
anxiety and depression. 

Interest in 5-HT 1B receptor agonists has been 
triggered by the anti-migraine properties of sumatrip¬ 
tan, a non-selective 5-HT 1D/1B receptor agonist and 
many others (dihydroergotamine (DHE), zolmitriptan, 
naratriptan, rizatriptan, elitriptan, almotriptan, donitrip- 
tan, etc). The development of 5-HT 1B agonist “serenics” 
such as eltoprazine was not successful; the expected 
anti-aggressive effects were not observed in patients. 
AZD-8129 a 5-HT1B was recently discontinued in 
anxiety/depression. 

Sumatriptan and Naratriptan also bind to 5-HT 1F 
receptor. It has been hypothesized that they might be a 
target for antimigraine drugs. 5 -HTi F receptor mRNA 
has been detected in the trigeminal ganglia, stimulation 
of which leads to plasma extravasation in the dura, a 
component of neurogenic inflammation thought to be a 
possible cause of migraine. EY 334370, a selective 
5-HT 1F receptor agonist, inhibits trigeminal stimulation- 
induced early activated gene expression in nociceptive 
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neurons in the rat brainstem. LY-349950 was in clinical 
development for migraine, but was discontinued. 

Ketanserin a selective 5 -HT 2 a antagonist was 
developed for the treatment of hypertension, but 
5 -HT 2 a receptor antagonism as a antihypertensive 
principle has been abandoned, since ketanserin is a 
potent oq adrenoceptor antagonist. LSD and other 
hallucinogens most probably produce hallucinations by 
activating 5-HT 2A receptors. Although their selectivity 
vis-a-vis 5-HT 2B and 5-HT 2C receptors is rather limited, 
this represents currently the best possible explanation. 
5-HT 2A receptor antagonists such as risperidone, 
ritanserin, seroquel, olanzapine, or MDL 100907 have 
been indicated/developed for the treatment of schizo¬ 
phrenia. However, development of MDL 100907 for 
acute schizophrenia was stopped. The combination of 
dopamine D 2 and 5-HT 2A receptor antagonism may still 
explain the beneficial antipsychotic activity of drugs 
such as clozapine, olanzapine, seroquel, and others. 

BW 723C86 has agonist selectivity at the rat 5-HT 2B 
receptor, although less marked at human receptors, but 
activation of the 5-HT 2B receptor is most probably 
responsible for the valvulopathies reported for appetite 
suppressant preparations containing dex-fenfluramine, 
and 5-HT2B agonism is therefore not being pursued 
anymore. 5-HT 2B receptor antagonists such as SB 
200646 may be indicated for the treatment of migraine 
prophylaxis, given the vasodilatatory role of this receptor 
and that a number of “older” antimigraine dmgs share 
5-HT 2B receptor antagonism. 5HT2B antagonism may 
be a viable principle in pulmonary hypertension. On the 
other hand, PGN-1164 a 5-HT 2B receptor antagonist was 
in clinical trials for IBS, but stopped for PK reasons. 

The anxiogenic component of mCPP may be 
mediated by 5-HT 2C receptor activation, and selec¬ 
tive 5-HT 2C receptor antagonists such as SB 242084 
or agomelatine display anxiolytic/antidepressant prop¬ 
erties in animal models. Central 5-HT 2C receptor acti¬ 
vation produces a tonic, inhibitory influence upon 
frontocortical dopaminergic and adrenergic, but not 
serotonergic transmission. 5-HT 2C receptor knockout 
mice have spontaneous convulsions, cognitive im¬ 
pairment, increased food intake, and obesity, but similar 
effects are not reproduced by selective antagonists, 
suggesting that these changes may result in part from 
neuroadaptation. Agomelatine a 5-HT 2C antagonist, 
combined with melatonin 1/2 receptor agonist, is effec¬ 
tive in several animal models of depression and anxiety; 
it increases prefrontal dopamine and noradrenaline 
release. Several large, double bind placebo-controlled 
studies of Agomelatine have demonstrated that it is a 
clinically effective and well-tolerated antidepressant 
with a very low incidence of side effects. 5-HT 2C 
agonists (e.g. Org 37684, Ro 60-0175, YM348, or 
WAY-163909) produce positive effects in rodent 
models of depression, panic, and compulsive disorders. 


On the other hand, 5-HT 2C agonists are being investigated 
in obesity, depression, and schizophrenia, and SCA-136, 
has entered phase II trials in schizophrenia. 

The 5-HT 3 receptor antagonists ondansetron, granise- 
tron, and tropisetron are used clinically in chemotherapy- 
and radiotherapy-induced nausea and vomiting. Since 
5-HT 3 receptor activation in the brain leads to dopamine 
release, and 5-HT 3 receptor antagonists produce cen¬ 
tral effects compared to those of antipsychotics and 
anxiolytics, schizophrenia and anxiety were considered 
as potential indications. 5-HT 3 receptor antagonists 
have been reported to induce cognition enhancing 
effects. However, there are not enough clinical data to 
substantiate such activities. Similarly, that 5-HT 3 antago¬ 
nists should prove useful in the treatment of migraine did 
not materialize in clinical studies. E-3620, a dual 
5-HT3 antagonist and 5-HT4 agonist activity, was under 
development for IBS, chemotherapy-induced emesis, 
gastro-esophageal reflux but has been stopped. On the 
other hand, Alosetron (Lotronex®) is now indicated for 
women suffering from ►IBS with diarrhea (IBS-D). 

Selective 5-HT 4 receptor ligands may have thera¬ 
peutic utility in a number of disorders, including cardiac 
arrhythmia, neuro-degenerative diseases, depression, 
urinary incontinence, and GI motility disorders. Cisa¬ 
pride, a gastroprokinetic agent, acts as an agonist at the 
5-HT 4 receptor, but was withdrawn due to side effects 
(QT prolongation). Metoclopramide is a 5-HT 4 agonist, 
but carries dopaminergic side effects. Other 5-HT 4 
agonists in development are mosapride and prucalo- 
pride: the latter has been shown to increase bowel 
movement in volunteers, whereas mosapride had 
positive effects in functional dyspepsia. Piboserod (SB 
207266), a potent and selective 5-HT 4 antagonist was 
investigated in IBS-D and increases oro-caecal transit 
time. Tegaserod (Zelmac/Zelnorm®), a new generation 
5-HT 4 receptor partial agonist, was recently introduced 
in various markets to treat constipation predominant IBS 
(IBS-C) and constipation. Tegaserod’s therapeutic 
activity in functional motility disorders of the upper 
G.I. tract is under clinical investigation. 

Antipsychotics (clozapine, olanzapine, fluperlapine, 
and seroquel) and antidepressants (clomipramine, ami- 
tryptyline, doxepin, and nortryptyline) act as 5-HT 6 
receptor antagonists. This attribute tempted speculations 
of an involvement of the 5-HT 6 receptor in psychiatric 
disorders, although these dmgs are by no means selective. 
Selective 5-HT 6 receptor antagonists (e.g. Ro 04-6790, 
SB-399885, and BGC20-760) have positive effects 
in preclinical models of memory impairment and 
cognition, presumably by modulating Ach release. 
Clinical developments in 5-HT 6 antagonist field therefore 
concentrates on Alzheimer’s disease. On the other hand, 
5-HT 6 receptor agonists (e.g. WAY466 or LY586713) 
presumably by modulating GABA and BDNF have 
been shown to produce positive effects in preclinical 
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models for anxiety and depression. WAY-181187, a 5-HT 6 
agonist, is being developed for generalized and acute 
anxiety disorders. 

Atypical antipsychotics, e.g., clozapine, risperidone 
and antidepressants also have high affinity for the 
5-HT 7 receptor. 5-HT 7 receptor downregulation occurs 
after chronic antidepressant treatment, and acute, but 
not chronic, stress regulates 5-HT 7 receptor mRNA 
expression. The presence of 5-HT 7 sites in the limbic 
system and thalamocortical regions, suggests a role in 
affective disorders, and the expression in the supra 
chiasmatic nucleus suggests a role in circadian rhythms. 
Various 5-HT 7 antagonists (e.g. SB-258741) were/are 
investigated in psychosis, schizophrenia, and circadian 
disorders. 

►Antidepressant Drugs 
►Antipsychotic Drugs 
► Emesis 
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► G-protein-coupled Receptors 


' Serum Sickness 


Serum sickness is an inflammatory condition caused by 
the deposition of immune complexes in blood vessel 
walls and tissues. 

►Allergy 

►Humanized Monoclonal Antibodies 


' Seven Transmembrane Helix 
Receptors 

► G-protein-coupled Receptors 
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Definition 

Sex steroid receptors are members of the steroid 
hormone receptor (SHR) family that ligand-dependently 
regulate functions of the sexual organs. Sex steroid 
receptors are the androgen receptor [1] (AR), the 
estrogen receptor a [2] and p [3] (ERa, ERP), and 
the progesterone receptor [4] (PR). 

Basic Characteristics 

The subgroup of SHRs belongs to the superfamily of 
►nuclear receptors (NRs), which transactivate target 
genes ligand-dependently. Unliganded SHRs are asso¬ 
ciated with large multiprotein complexes of ►chaper¬ 
ones in the cytoplasm, in contrast to other NRs. SHRs 
comprise the glucocorticoid receptor and the mineralo- 
corticoid receptor and the sex ►steroid receptors. 

SHRs are built in a modular structure with similar 
structure elements. They contain a DNA-binding 
domain (DBD), a hinge region with a nuclear location 
signal (NLS), a ligand-binding domain (LBD) and 
several transcriptional activation functions (Fig. 1). 
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Sex Steroid Receptors: Androgen Receptor, Estrogen Receptors, Progesterone Receptor. 
Figure 1 Schematic structures of AR, ERa, ER(3, and PR. 


Their ligands are fat-soluble steroid hormones derived 
from cholesterol that bind to the LBD of their specific 
intracellular SHR after diffusing into the cell. After 
binding of the steroid hormone ( K d between 0.1 and 
4 nM) the conformation of the SHR changes, exposing 
the NLS and the complex of steroid hormone and SHR 
gains access to the nucleus (Fig. 2). Utilizing the two 
zinc fingers of their DBD, SHRs bind as homodimers to 
unique DNA sequences called hormone response ele¬ 
ments (HREs). The HRE is comprised of two half-sites 
organized as palindrome with a three nucleotide spacer. 
SHRs regulate the expression of target genes after 
association with large multisubunit complexes that 
contain ►transcriptional co-activators such as histone 
acetylases and several other proteins that facilitate 
transcription. Several signalling pathways furthermore 
influence the activity of SHRs, by modifying either 
SHRs directly or partner proteins. SHRs can also act 
without binding to DNA via interaction with other 
transcription factors, thereby altering their own or their 
partner’s properties. 

The physiological and pathophysiological roles of the 
sex steroid receptors are diverse and will be summarized 
separately for AR, ERa, ERps, and PR in the following 
paragraphs. Estrogen related receptors (ERRs) share 
structural and functional similarities with ERs. They are 
orphan receptors indicating that there is no known 
natural ►ligand and are therefore not grouped as SHR. 

Androgen Receptor 

Androgens act via the AR and play an important role in 
the development and differentiation of the male sexual 
organ. Furthermore, they are involved in several 
diseases, the most important being partial and complete 
androgen insensitivity syndrome (AIS; formerly known 
as the testicular feminization syndrome), spinal and 
bulbar muscle atrophy (SBMA; Kennedy’s disease), and 
the neoplastic transformation of the prostate. The two 
natural occurring androgens are testosterone (T) and the 



Sex Steroid Receptors: Androgen Receptor, 
Estrogen Receptors, Progesterone Receptor. 

Figure 2 The classical activation pathway of SHR. 
SHRs (gray circle) are associated with chaperones 
(rectangles). After binding of steroid hormones (black 
circle) SHRs activate target genes in the nucleus. 
Additional regulation mechanisms, e.g., phosphorylation 
are described in the text. 

more potent 5a-dihydrotestosterone (DHT). T is mainly 
produced by the Leydig cells of the testis and can also 
be produced in most peripheral tissues from the adrenal- 
produced inactive steroid precursors dehydroepiandros- 
terone, its sulfate, and androstenedione. T is converted 
into DHT by the 5a-reductase enzyme expressed in the 
urogenital tract. Besides positive regulation of target 
genes by the androgen-loaded AR, there is growing 
evidence of additional regulation pathways and indirect 
regulation mechanism of the AR. The expression of 
specific transcriptional coactivators of the AR in differ¬ 
ent tissues can fine-tune the transcriptional AR-activity. 
Ligand-independent activation of the AR by protein 
kinase pathways can circumvent the need for androgens. 
In addition, protein-protein interactions of the AR with 
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other transcription factors regulate the transcriptional 
activity of these partner proteins. 

Eight exons of the AR gene encode a protein of 
around 917 aa depending on two polymorphic regions 
of polyglutamines (CAG) and polyglycines (GGN) 
in the N-terminal activation domain. Two isoforms 
are detected in tissues: the predominant (80%) 110 kD 
(B isoform) and 87 kD (A isoform). It is not clear 
whether the two isoforms also serve different functions. 

The structure of the AR comprises an N-terminal 
transactivation domain of around 500 aa, a DBD of 
66-68 aa, and a LBD of 250 aa. The hinge region 
contains the lysine-rich NLS. The AR possesses two 
activation functions (AFs): AF-1 in the N-terminal 
region and the AF-2 core domain in the LBD. 

The AF-1 contains two polymorphic regions of CAG 
and GGN repeats. Normally the number of the 5' CAG 
repeats is 11-31 (average 21) whereas up to 50 repeats 
are found in individuals affected with SBMA. Since the 
number of glutamines inversely correlates with the 
transcriptional activity of the AR these amplified 
repeats lead to a reduced activity of the AR. The 
increased size of a polymorphic tandem CAG repeat is 
associated with the X-linked spinal and bulbar muscular 
atrophy and may also be associated with oligospermic 
infertility in men and with low serum androgens in a 
subset of anovulatory female patients. On the other 
hand, a shorter CAG length correlates with a higher 
risk; more severe and earlier onset of prostate cancer 
probably resulting from a higher activity of the AR. 
Experimental evidence also correlates increased or 
prolonged induction of AR activation with a higher 
incidence or acceleration of prostate cancer. 

In the beginning, prostate cancer cells are largely 
dependent on androgens for growth and survival. 
Observations, that castration is beneficial in prostate 
cancer made androgen ablation and antiandrogen therapy 
a standard treatment for patients with metastatic prostate 
cancer following surgery of the tumor tissue. Antiandro¬ 
gen therapy includes inhibition of androgen synthesis 
by aminoglutethimide or ketoconazole, inhibition of 
► 5a-reductase by finasteride in combination with AR 
►antagonists such as flutamide, or cyproterone acetate. 

Unfortunately, remaining prostate cancer cells eventu¬ 
ally adapt to grow in the low-androgen environment, 
rendering the tumor growth independent of androgens. 
Androgen-independent prostate cancer may result from 
one or more of the following mechanism: increased gene 
copy number, altered interaction of the AR with 
coregulatory proteins, e.g., resulting from AR mutations, 
bypassing of the AR pathway, or ligand-independent 
activation of AR, e.g., by protein kinase pathways. 

Estrogen Receptor 

Estrogens mainly affect the growth and maturation 
of the female reproductive system and the maintenance 


of its reproductive capacity [5]. In addition, estrogens 
act on several other tissues, e.g., on lipid and bone 
metabolism. Uterus, placenta, and testis are the 
principal sites of 17p-estradiol (E2) production. ►Ago¬ 
nists of ERs are used for treatment of menopausal 
symptoms ►hormone replacement therapy (HRT), 
osteoporosis and cardiovascular diseases. ►Antago¬ 
nists of ERs such as tamoxifen are used for treatment of 
breast cancer. Pure antagonist of ER that are as effective 
as tamoxifen without having tamoxifen’s partial 
agonistic effects on ERs are in different phases of 
testing. The pure antagonist fulvestrant (ICI 183,780) is 
licensed as treatment for advanced breast cancer. 

The main isoforms of the human ERs are ERa and 
ERp, which display distinct expression patterns. Addi¬ 
tional ER isoforms, generated by alternative mRNA 
splicing, have been identified in several tissues. A cell- 
specific localization for each of the ER subtypes is 
found in the majority of the reproductive organs 
studied. The role of the different ER isoforms in 
modulating the estrogen response or in tumorigenesis is 
not completely understood. In addition, ERRs where 
coexpressed with ERs can influence the expression 
level of ER target genes either directly or by interaction 
with ERs. ERs bind most ligands with similar affinities 
and display equal transcriptional activation. However, 
in some assays ER isoforms respond differently to 
ligands. The naturally occurring phytoestrogen genis- 
tein or antiestrogens, such as tamoxifen or raloxifen 
are examples of these selective ERs modulators 
(►SERMs). The characterization of SERMs that 
specifically regulate defined functions promises to 
increase efficacy and reduce side effects in estrogen- 
regulated processes (Table 1). 

ERa 

ERa (also called ESR1 and ESRA) is involved in the 
differentiation and maintenance of reproductive, neural, 
skeletal, and cardiovascular tissues. Two separate AFs 
mediate transcriptional activation, the ligand-dependent 
AF-2 in the LBD, and the ligand-independent AF-1 in 
the N-terminus. After binding of estrogen to the LBD, 
ERa activates target genes such as the progesterone 
receptor gene by binding to the estrogen response 
elements (EREs). Besides this classical activation, 
nonestrogen-dependent activation of ERa has been 
described. Signaling pathways and extracellular signals 
such as EGF, IGF-I, or insulin, stimulate phosphoryla¬ 
tion of the receptor. Phosphorylation of ERa affects all 
steps of transcriptional activation, such as ligand 
binding, dimerization, DNA binding and interaction 
with cofactors. Heregulin is an example of an ex¬ 
tracellular signal modulating ER activity. After binding 
to its receptor HER-2 ER is rapidly phosphorylated on 
tyrosine residues, followed by transcription of the PR 
gene. Since heregulin promotes hormone-independent 
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Sex Steroid Receptors: Androgen Receptor, Estrogen Receptors, Progesterone Receptor. Table 1 Basic 
characteristics of sex steroid receptors 


SHR 

Gene map 
locus 

cDNA size 

Natural agonist 

Binding 

half-site 

Main expression 

AR 

Xq 11-q12 

ca. 919 aa (see text) 

5 a- D i h y d rotestoste ro n e 
(DHT), testosterone (T) 

AGAACA 

Prostate, male urogenital sys¬ 
tem, muscle 

ERa 

6q25.1 

595 aa 

17p-Estradiol (E2) 

AGGTCA 

Ovary, uterus, mammary gland, 
vagina, testis (Leydig cells), 
bone 

ERP 

14q22-q24 

530 aa, 583 aa, further 
isoforms 

17p-Estradiol (E2) 

AGGTCA 

Ovary, testis (Sertoli and Leydig 
cells, efferent ducts), prostate, 
bone, thymus, spleen, brain 

PR 

11 q22 

Two isoforms: PRA 

769 aa, PRB 933 aa 

Progesterone 

AGAACA 

Uterus, ovary, central nervous 
system 


growth of breast cancer cells, activation of ER by 
heregulin or HER-2 may be involved in the develop¬ 
ment of E2-independent cancer cells growth. 

ERa can also regulate gene expression by interacting 
with different transcription factors. For example, 
interaction of ERa with the c-Rel subunit of NF-kB 
prevents binding to NF-kB response element resulting 
in reduced interleukin-6 transcription. Here, ERa acts 
E2-dependently but without directly binding to DNA. 
However, the complex formation of ER with the 
transcription factor Spl is hormone-independent and 
enhances Spl binding to DNA. ERa as well as ERp 
thereby enhance transcription of the retinoic acid 
receptor al gene. Other partner proteins are fos/jun 
family members, which regulate gene expression via 
AP-1 sites. In this situation E2 can either act as agonist 
in the presence of ERa or as antagonist in the presence 
of ERp. Another possibility to modulate ER signaling is 
the aryl hydrocarbon receptor (AhR). Ligands for AhR 
mediate antiestrogenic effects by several pathways. 

The measurement of ER has become a standard 
assay in the clinical management of breast cancer. 
The presence of ERa identifies those breast cancer 
patients with a lower risk of relapse and better clinical 
outcome. Receptor status also provides a guideline for 
those tumors that may be responsive to hormonal 
intervention. But only about half of ER-positive 
patients respond to hormonal therapies. Of those who 
respond initially, most will eventually develop an 
estrogen unresponsive disease following a period of 
treatment even though ERa is often still present. Mutant 
receptors and constitutively active receptors as well as 
hormone-independent activation of the ERa are dis¬ 
cussed. The involvement of ERp isoforms is under 
investigation. 

Analysis of ERa-deficient mice showed that both 
sexes are infertile and display a variety of phenotypic 
changes associated with the gonads, mammary glands, 
reproductive tracts, and skeletal tissues. In addition, 


both hyperplasia and hypertrophy of adipocytes were 
found in these mice. 

In females, ovariectomy or menopause leads to rapid 
loss of trabecula bone and the osteoporosis indicating 
that E2 maintains bone mass. E2 enhances bone 
formation by osteoblasts and suppresses bone resorp¬ 
tion by osteoclasts by regulating several important 
growth factors. In mice, ERa seems to induce growth 
but not maintenance of trabecular bone whereas ERp 
terminates growth during late puberty. However, while 
in humans the role of ERa and ERp in bone is not 
completely clear, ESRA polymorphism is related to 
bone density and height during late puberty and at 
attainment of peak bone density in young men. 

ERp 

In 1995 the discovery of ERp (also called ESR2 and 
ESRB) explained many actions of estrogens in tissues 
where no ERa was found. ERp shows high homology to 
ERa in the DBD and LBD, but encodes a distinct 
transcriptional AF-1 domain. At least five isoforms, 
designated ERp-1 through ERp-5, are described that 
differ in their C-terminal sequences and tissue expres¬ 
sion patterns, or have extended N-termini. This new 
complexity of isoforms is further enhanced by the fact 
that ERp isoforms cannot only heterodimerize with 
each other but also with ERa. The functional con¬ 
sequences for the action of estrogens depending on the 
expression pattern are only beginning to be evaluated. 

ERp is highly expressed in ovary, male organs, and 
parts of the central nervous system (CNS), but also in 
other organs such as spleen and thymus. The phytoes¬ 
trogen genistein binds better to ERp than to ERa, 
whereas the partial ERa agonists tamoxifen, raloxifen 
and ICI-164 384 are antagonists for ERp. It has been 
postulated that co-factor recruitment is different for the 
ERs, however knowledge about this interesting field of 
selective ER regulation is only beginning to accumu¬ 
late. Since only ERp is expressed widely in the male 
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urogenital tract of several animals it is now under 
evaluation whether the pronounced effects of E2 in 
men are caused by direct action of E2 on ERp in these 
reproductive organs. The view that E2 acts only 
indirectly by reducing androgen levels via the CNS 
clearly has to be corrected. 

Analysis of ESRB /_ mice showed fewer and smaller 
litters than wild type mice as well as abnormal vascular 
function and hypertension. The reduction in fertility 
was attributed to reduced ovarian efficiency. Mutant 
females had normal breast development and lactated 
normally. Older mutant males displayed signs of 
prostate and bladder hyperplasia. i£sr2-deficient mice 
furthermore display diverse regulatory defects in the 
function of brain, lung, and white blood cells. The 
results indicated that ESRB is essential for normal 
ovulation efficiency but is not essential for lactation, 
female or male sexual differentiation, or fertility. 

Progesterone Receptor 

The PR is involved in diverse functions in female 
reproduction, such as implantation of the embryo, and 
in the maintenance of pregnancy. Progesterone is 
mainly produced in the corpus luteum in the second 
half of the menstrual cycle and in early pregnancy, later 
in the placenta. The PR is expressed in the uterus, ovary, 
and the CNS. In men there is no known function. 
Estrogens induce expression of the PR gene. PR 
agonists such as medroxyprogesterone or the synthetic 
R5020 are called progestins or gestagens. 

The human PR exists as two functionally distinct 
isoforms PRA and PRB transcribed from two promoters 
from a single gene. PRA lacks the N-terminal 164 aa 
and is a 769 aa protein. PRB functions as a transcri¬ 
ptional activator in most cell and promoter contexts. In 
contrast, PRA is transcriptionally inactive and functions 
as a strong ligand-dependent transdominant repressor of 
SHR transcriptional activity. Different cofactor interac¬ 
tions were demonstrated for PRA and PRB, probably 
due to an inhibitory domain within the first 140 aa of 
PRA, which is masked in PRB. Both PR isoforms 
however, repress estradiol-induced ER activity when 
liganded. Several other mRNA isoforms are present in 
PR-positive tissues such as breast cancer with unknown 
clinical significance. 

PRs also interact with other signaling pathways, 
which can, e.g., be regulated by phosphorylation. 
Independent of transcriptional activation of PR, pro¬ 
gestins can activate cytoplasmic signaling molecules 
including SRC and downstream MAP kinase in 
mammalian cells via interaction by a specific polypro¬ 
line motif in the N-terminal domain of PR. 

Mice models reveal that both PR forms are 
physiologically important. Mice lacking the PR gene 
fail to ovulate, are infertile, and have impaired thymic 
function. Selective PRA-deficient female mice are 
infertile due to reduced oocyte and uterine deficiency 


in implantation. However, these mice had normal 
mammary epithelium proliferation and differentiation 
and showed normal thymic involution. In mice, PR 
regulates expression of proteases that degrade the 
follicular wall thereby facilitating ovulation. 

In breast cancer patients, total PR status is measured 
for hormonal treatment. The presence of PR is 
associated with increased survival rates and hormonal 
responsiveness of mammary tumors. PR agonists are 
widely used in contraception, HRT, breast cancer, and 
endometrial hyperplasia. ►Antiprogestins such as 
RU486 are used for blocking ovulation and preventing 
implantation, and in addition they are in clinical testing 
for the induction of labor and to control various 
neoplastic transformations. 

► Selective progesterone receptor modulators 
(SPRM) (mesoprogestins) are PR ligands with agonistic 
and antagonistic activities. Some SPRM show weak 
antiglucocorticoid or mixed androgenic/antiandrogenic 
activities. SPRM are currently tested and may be useful, 
e.g., for the treatment of endometriosis. 

Drugs 

In clinical use are pure and partial agonists and 
antagonists (see individual SHR) as contraceptives, 
treatment for hormonal ablation in breast and prostate 
cancer, and HRT in osteoporosis. 

► Contraceptives 

► Gluco-mineralocorticoid Receptors 

► Selective Sex Steroid Receptor Modulators 
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►Na + -dependent Glucose Cotransporter 


' SH2, Domains 


The Src homology 2 domain (or SH2-domain) is a 
protein domain of about 100 amino acid residues first 
identified in the tyrosine kinase Src. SH2-domain 
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mediates protein-protein interaction with a phosphory- 
lated tyrosine residue in interacting proteins. This 
binding triggers a change in sub-cellular localization or 
enzyme activity crucial in signalling pathway. 

►Phospholipids Glossary 
►Adaptor Proteins 
► Tyrosine Kinases 


sequence on 16S ribosomal RNA (rRNA). The Shine- 
Dalgamo sequence is a purine-rich sequence located 
four to seven bases upstream of the initiation codon in 
prokaryotic mRNAs. It has variable length and com¬ 
plementarity to the anti-Shine-Dalgamo sequence 
found in the 3'-end region of all bacterial 16S rRNAs 
(and in archaeal and chloroplast 16S rRNAs). 

►Ribosomal Protein Synthesis Inhibitors 


' SH3 Domain 


Synonyms 

src homology 3 

Definition 

Protein-protein interaction domain that binds to poly- 
proline motifs with the sequence PXXP. Particularly 
important in assembling protein complexes at activated 
receptors which contain intrinsic tyrosine kinases. 

►Adaptor Proteins 


' SIADH 


Syndrome of inappropriate antidiuretic hormone is 
defined by water retention, dilutional hyponatraemia 
and decreased volume of highly concentrated urine. 
There are several causes which can result in SIADH, 
neoplasms ectopic secreting AVP, ectopic release of 
AVP by various diseases or drugs, exogenous adminis¬ 
tration of AVP, desmopressin, lysipressin or large doses 
of OT (iatrogenic SIADH). 

►Vasopressin/Oxytocin 


1 Shaker-Channels 

' Sialic Acid 


Shaker-channels, eag (ether-a-go-go)-channels, slo 
(slow-poke)-channels were cloned from behavioral 
Drosophila melanogaster mutants. The channels were 
named according to the Drosophila mutant phenotype, 
Shaker, ether-go-go, slow-poke. Subsequently, eag- 
cDNA was used to clone related voltage-gated potassium 
channel subunits erg (eag-related) and elk (eag-like). The 
human erg ortholog (HERG) mediates cardiac IKS. 


Sialic acid is a carbohydrate that can be attached to 
certain molecules, e.g., epoetin alfa. 

►Hematopoietic Growth Factors 


s 


► Voltage-gated K + Channels 


r 


Sialin 


' Shine-Dalgarno Interaction 


The Shine-Salgano interaction is a base pairing 
interaction that occurs during translation initiation in 
prokaryotes between the Shine-Dalgarno sequence on 
messenger RNA (mRNA) and the anti-Shine-Dalgamo 


Sialin was first identified as the product of the gene 
defective in sialidosis, a lysosomal storage disorder. 
The transporter mediates the movement of sialic acid 
out of lysosomes by coupling to the proton electro¬ 
chemical gradient across the lysosomal membrane. 
Unlike the vesicular neurotransmitter transporters 
which are antiporters, sialin is a symporter with sialic 
acid and protons both moving out of the lysosome. 










1132 Signal Peptidases 


' Signal Peptidases 


Specific proteases located on the luminal side of the 
endoplasmic reticulum. They cleave the amino-terminal 
peptides from the precursor forms of membrane and 
secretory proteins. 

►Protein Trafficking and Quality Control 


' Signal Recognition Particle 


The signal recognition particle (SRP) is a cytosolic 
ribonucleoprotein complex which binds to signal 
sequences of nascent membrane and secretory proteins 
emerging from ribosomes. The SRP consists of a 7S 
RNA and at least six polypeptide subunits (relative 
molecular masses 9, 14, 19, 54, 68, and 72 kD). It 
induces an elongation arrest until the nascent chain/ 
ribosome/SRP complex reaches the translocon at the 
endoplasmic reticulum (ER) membrane. 

►Protein Trafficking 


Signal Transducer and Activator 
of Transcription 

Definition 

STAT. 

►JAK-STAT Pathway 


Simple Diffusion 


Permeation of a drug through biological membranes 
according to the electrochemical gradient. This type of 
drug transport can be explained by the pH-partition 
theory. 

► Drug Interaction 


' Simulated Annealing 


Simulated annealing is a type of molecular dynamics 
experiment in which the temperature of the system is 
cycled over time with the goal of widely sampling 
conformational space. There are two basic ideas. The 
first is to create a computational analog of experimental 
annealing techniques and the second is to use controlled 
mechanisms for obtaining different initial structures by 
using temperature to surmount torsional barriers. 
Heating to a higher temperature (e.g., 1,000K) allows 
the system to rearrange from the present state, cooling 
to a lower temperature brings the system into a stable 
state. The cycle is repeated several times (e.g., 100), so 
that multiple conformations may be obtained. Favor¬ 
able and stable geometries occur in clusters of similar 
conformations. During the cooling phases it is possible 
to introduce constraints between atoms coming from 
experiments. This procedure is applied to calculate 
structures based on atom distances like nuclear 
Overhauser effect (NOE) distances and other geometri¬ 
cal data produced by nuclear magnetic resonance 
(NMR) spectroscopy. 

►Molecular Modeling 
►NMR-based Ligand Screening 


' Single Nucleotide Polymorphism 


Single Nucleotide Polymorphisms (SNPs) are single 
base pair positions in genomic DNA at which normal 
individuals in a given population show different 
sequence alternatives (alleles) with the least frequent 
allele having an abundance of 1% or greater. SNPs 
occur once every 100-300 bases and are hence the most 
common genetic variations. 

►Bioinformatics 
► Pharmacogenomics 


' Sinus Rhythm 


The sinus rhythm is the heart rhythm in which the sinus 
node generates an electrical impulse that travels through 
specialized cells (that form a conduction system) and 
leads to a ventricular contraction. 
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► Cardiac Glycosides 
►Antiarrhythmic Drugs 


' siRNAs 


which associates with the Ubiquitin conjugating enzyme 
(E2), specificity towards substrates is mediated by the 
interaction with a large set of so called F-box proteins 
which directly recmit the target proteins for ubiquitination. 

► Ubiquitin/Proteasome 


Small interfering RNAs (siRNA) are the mediators of 
gene-specific silencing by RNA interference. SiRNA 
stands for small interfering RNA duplexes. They are 
typically 21-23 bp in length. SiRNA were either 
chemically synthesised for experimental purposes or 
produced by Dicer-mediated cleavage of long double- 
stranded RNA. 

►Antisense Oligonucleotides 


1 Skeletal Metabolism/Turnover 
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►Bone Metabolism 


1 Skinned Fiber 


A skinned fiber is a muscle fiber, the sarcolemma of 
which has been mechanically removed or which is made 
freely permeable to small molecules, such as Ca 2+ , Mg 2+ , 
EGTA, ATP, soluble enzymes and others by a chemical 
agent (saponin, p-escin or Staphylococcus a-toxin). The 
organization of the sarcoplasmic reticulum (SR) and 
myofibrils is kept as they are in the living muscle. 

►Ryanodine Receptor 


' Skpl/Cull/F-Box Protein Complex 


Synonyms 

SCF 

Definition 

The SCF, a ubiquitin ligase complex, consists of the 
primary subunits Skpl, Cullin and Rbx/Rocl. While the 
Rbx/Cul components form the E3 ligase catalytic core 


Definition 

Sleep is a state common to most mammals, birds, fishes 
and invertebrates. It describes a state in which brain 
activity changes from that of the waking brain, resulting 
in outward signs such as immobility and a decreased 
responsiveness to external stimuli. The function of sleep 
is not yet fully understood, although its importance is 
undeniable, in that an organism chronically deprived of 
sleep will eventually die. Sleep itself is not homogenous, 
and can be divided into various states representing 
different patterns of electrical activity. The underlying 
biology and complex interaction of various neurotrans¬ 
mitter systems in initiating, maintaining and shaping 
sleep are now beginning to be better understood, paving 
the way for more precise and effective pharmacological 
treatment of sleep disorders. 

Basic Mechanisms 

Molecular Mechanisms Underlying Sleep: Focus on GABA 

Like waking, sleep is an active state of the brain. During 
this heterogeneous and rapidly changing state several 
restorative functions take place, although the neural 
substrates of somatic and cognitive restoration remain 
elusive. A detailed description of the components of 
sleep, as well as the underlying neurochemistry and 
circuitry is now slowly emerging. 

Division of Sleep States 

Sleep is generally considered to consist of two substates, 
►Rapid Eye Movement (REM) and ►non-Rapid Eye 
Movement (NREM) sleep, which alternate to form a 
cycle lasting ~90 min in man (Fig. 1). ►REM and 
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Sleep. Figure 1 Slow wave sleep (SWS) and slow wave activity (SWA). The bottom panel illustrates a hypnogram 
showing the amount of time spent in the different sleep stages over the course of the night, using traditional visual 
scoring criteria. Each progression through the 5 stages (Stages 1-4 and REM) constitutes a sleep cycle. The top panel 
represents a fast Fourier transform of EEG data. The frequency band selected for power analysis was 0.75-4.5 Hz. 
This representation illustrates that SWA is present throughout the night, even when the sleeper does not reach stage 3 
or 4 according to traditional visual scoring criteria (Dijk, unpublished data). 


►NREM sleep can clearly be differentiated on the basis 
of a number of physiological variables including muscle 
tone, ►electroencephalographic (EEG) and electromye- 
lographic (EMG) features, and the presence or absence 
of rapid eye movements [1 ]. Distinct physiological roles 
for REM and NREM stages have been proposed, but 
compelling empirical data are scarce. 

Real sleep in a living brain is a continuous state 
without clear transitions. Therefore, a temporal descrip¬ 
tion of the waves and alterations in the amount of both 
frequencies and amplitudes should most likely be based 
on an analysis of these waveforms. However, for 
historical reasons, ► sleep stages are described as either 
REM or NREM stages 1—4 using visual scoring criteria 
based, in part, on the quantity and gross type of EEG 
waveforms per unit time. These are combined together 
graphically into a hypnogram (A graph detailing time 
along the x axis and sleep stage on the y axis. These are 
commonly used to depict the progression and relative 
proportion of the various sleep stages through a night’s 
sleep) as shown in Fig. 1. NREM stages 1 and 2 have 
been described as light sleep, while stages 3 and 4 are 
often described as deep or ►slow wave sleep (SWS). 
The hallmark waveform of SWS consists of rhythmic, 


low-frequency waves (~0.5^4.5 Hz). These electrical 
patterns also occur outside of stages 3 and 4, but to a 
much smaller extent, and are referred to as ► slow wave 
activity (SWA). The amount of SWA in the ►EEG can 
be quantified by application of the Fourier transform to 
the complex signal, providing another objective means 
of evaluating the sleep process (Fig. 1). 

SWS/SWA, in particular, may play an important 
role in somatic and cognitive restoration, including 
the consolidation of certain forms of procedural and 
declarative memory. A substantial diminution in the 
amount of SWS/SWA occurs across the human lifespan. 
This decline is beginning already in adolescence and 
middle-aged adults have only 25% of the SWS observed 
in young adults, whereas the elderly have almost none. 
While the clinical importance of these phenomena is 
unknown, it is reasonable to speculate that they may be 
related to the increase of sleep complaints associated 
with aging. 

Regulation of Sleep 

Sleep is thought to be under the control of two 
independent processes: one homeostatic (process S) 
and the other circadian (process C), which together 
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determine sleep propensity [2]. Process S represents a 
drive for sleep that increases progressively with 
wakefulness, and is most clearly seen under conditions 
of sleep deprivation, when “sleep debt” accumulates 
[2]. Failure to liquidate the debt through sleep results in 
profound neurobehavioral and cognitive deficits, as 
demonstrated during sleep restriction studies. Dissipa¬ 
tion of the homeostatic drive for sleep is hypothesised to 
depend on time spent in NREM sleep. The amount of 
SWS/SWA in particular is thought to be an important 
marker of process S, since this parameter correlates 
strongly with sleep need. 

Several gaps remain in our understanding of the 
neurobiological basis of the homeostatic process S. 
However, the data support a critical role for the 
ventrolateral preoptic area (VLPO), a dense cluster of 
neurones that inhibit ascending brainstem ►arousal 
pathways [3]. Specifically, the VLPO contains inhibi¬ 
tory (GABAergic and galanergic) efferent projections 
to arousal centres in the posterior hypothalamus and 
brain stem - including the tuberomammillary nucleus 
(TMN; histaminergic), locus coeruleus (noradrenergic) 
and the dorsal raphe (serotonergic). These ►arousal 
systems promote wakefulness via signals to thalamo¬ 
cortical and cortical pathways, with neuronal firing 
highest during wakefulness, declining through NREM 
sleep to quiescence during REM sleep (Fig. 2). In 
contrast, cholinergic activity is linked directly to the 
degree of cortical activation (observed in the EEG 
signal as high frequency, low amplitude activity), with 
the highest firing rates during waking and REM sleep 
[4]. While the mechanistic details are still under 
investigation, lesion studies have shown that VLPO 
neuronal activity (as indicated by expression of the 


immediate-early gene c-fos and discharge rates) corre¬ 
lates closely with the onset, maintenance, and depth 
of NREM sleep. Conversely, during wake, VLPO 
activity is opposed by that of the major arousal 
systems. According to the model proposed by Saper 
et al., these reciprocal inhibitory projections produce a 
bistable system that resists change [3]. When pressure 
to change increases - during extended wakefulness, for 
example - the system flips from one state to another. 
The opposing, mutually inhibitory, actions of the 
ascending arousal and descending VLPO systems are 
stabilised by the orexin (hypocretin) system. During 
wakefulness, orexinergic activity is high, reinforcing 
the ascending arousal drive. In contrast, during sleep, 
this reinforcement is removed via VLPO inhibition of 
the orexinergic neurones [3]. 

Pathological conditions in which the VLPO system is 
weakened (i.e. less drive for sleep) could, therefore, 
result in more frequent changes between wakefulness 
and sleep, as has been demonstrated in animal models. 
Interestingly, elderly individuals have significantly 
reduced numbers - often by as much as 50% - of 
sleep-promoting VLPO neurones, an age-related loss of 
VLPO cells that may explain, at least partially, this 
population’s characteristic difficulty in falling and 
staying asleep. 

Subserving process C is an endogenous ►circadian 
“clock” in the suprachiasmatic nucleus (SCN) of the 
anterior hypothalamus that regulates the timing of 
daily transitions through sleep and wake. Incoming 
light from the retinal hypothalamic tract triggers the 
SCN to increase arousal levels. The arousal pathway is 
tightly regulated, as SCN innervation of the pineal 
gland also triggers the secretion of ►melatonin, which 
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Sleep. Figure 2 Relative activity of the aminergic (red), cholinergic (blue) and GABAergic systems (green) systems 
in relation to the arousal states. Cholinergic activity is directly correlated with cortical activation, as seen in the high 
frequency EEG activity recorded during the wake and REM states. The aminergic (NA, 5-HT, histamine) system is 
considered to be an arousal system, and accordingly activity is highest during wake and lowest during REM sleep. 
Aminergic activity is regulated by negative feedback from the GABAergic system emanating from the diffuse 
ventrolateral preoptic (VLPO) region. Figure constructed from information in the reviews by Jones [4] and Saper 
et al. [3]. 
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substantially reduces this wake-promoting output. 
Melatonin is an important phase marker and regulator 
of the circadian clock, with secretion normally 
synchronised with nocturnal sleep and daytime 
wakefulness. However, melatonin is more correctly 
regarded as a “darkness hormone” rather than a sleep- 
inducing hormone, since it is secreted at night in 
nocturnal species as well as those active during 
daylight. The chronobiotic rather than hypnotic role 
of melatonin is further highlighted, however, by the 
fact that following ►phase shifts and in certain 
pathological conditions, melatonin secretion becomes 
uncoupled from sleep. 

These insights into the structure of sleep and the 
neurobiological processes underlying it have yielded 
several targets for therapeutic intervention and provided 
novel methods by which to assess the differential effects 
of hypnotics on sleep-relevant neural circuits. 

Sleep Disorders 

Sleep disorders can be broadly divided into two 
categories: dysomnias and parasomnias (Table 1). 
Dysomnias are conditions of either too much sleep 
(hypersomnolence), or too little sleep (insomnia). 
► Insomnias defined as difficulty in initiating or 
maintaining sleep, or poorer overall sleep quality. This 
is the most prevalent of sleep disorders, with as many as 
one in four reporting having experienced symptoms, 
and at least 10% of the population that consider this a 
chronic problem. ►Insomnia can be caused either by 
internal influences (e.g. dysfunction in the sleep-wake 
control mechanisms), external influences (e.g. changes in 
sleeping environment, light cycle, stimulant drugs) or as 
a secondary symptom of a comorbid disease (e.g. 
depression, anxiety, schizophrenia, Parkinson’s disease). 
►Narcolepsy - a disease characterised by sudden, 
unpredictable transitions from wake to sleep and vice 
versa - is one of the few disorders for which a direct 
molecular basis has been established. Patients suffering 
from narcolepsy have been found to have under active 
orexin systems, usually as a result of cell loss, thereby 
removing the stabilising “finger on the switch” influence 


Sleep. Table 1 Examples of various dysomnias and 
parasomnias 


Dysomnias 

Parasomnias 

► Insomnia 

Sleep walking 

► Narcolepsy 

Bedwetting 

► Restless legs syndrome 

Sleep talking 

► Sleep apnea 

► REM (sleep) behaviour 
disorder 

► Periodic limb movements 


Circadian sleep disorders 



of the system on arousal [3]. In contrast to the dysomnias, 
which are related to dismption of the sleep/wake control 
mechanisms, parasomnias are characterised by the 
presence of abnormal events during sleep. One intriguing 
parasomnia is that of REM sleep behaviour disorder, 
where patients experience an increased amount of REM 
sleep during which the normal inhibition of motor activity 
is absent. This manifests itself as sudden and violent 
outbursts during sleep (both vocal and physical) that can 
be immensely distressing for both the patient and those 
sleeping in the same environment. REM sleep behaviour 
disorder is often comorbid with Parkinson’s disease, 
and is currently thought to potentially represent an early 
indication of disease progression. 

Pharmacological Intervention 

Currently, the majority of all approved drugs for 
treating insomnia interact with the ►GABAa receptor 
system. The major focus of the rest of this overview will 
therefore be on these types of drugs and the introduction 
of two novel approaches, either recently approved or in 
late stage development. 

The most widely prescribed group of hypnotics all 
belong to the ►benzodiazepine receptor agonists 
(BzRAs). Biochemical and animal model studies have 
contributed greatly to our understanding of the receptor 
interactions by which the BzRAs achieve their 
sedative- ►hypnotic effects. However, a clear under¬ 
standing of exactly how these mechanisms contribute to 
the transition between different brain states is still 
rudimentary. At the receptor level, BzRAs allosterically 
enhance the ability of GABA to increase inhibitory 
chloride currents through the ion channel intrinsic to 
GABA a receptors [5]. Diazepam, temazepam and other 
classical benzodiazepines bind at the interface between 
y 2 and a subunits, within the same binding pocket as 
zolpidem and other non-benzodiazepine hypnotics, so 
called because of their chemically distinct structure. 
Classical benzodiazepines demonstrate roughly equiv¬ 
alent binding affinities for all y 2 -containing GABA a 
receptor subtypes, while the non-benzodiazepines 
zolpidem and zaleplon demonstrate about tenfold 
binding selectivity for the (XiPy subtype. The extent to 
which this ►binding selectivity translates into ►func¬ 
tional selectivity in vivo is a matter of intense interest. 
Indeed, using a variety of expression systems, investi¬ 
gators have measured the enhancement of GABA- 
evoked chloride conductance to characterise the 
potency and efficacy of these types of compound. 
Results suggest that in the context of physiological 
concentrations, the majority of BzRAs demonstrate 
little in the way of subtype selectivity. 

BzRAs significantly reduce ► sleep latency and the 
number and duration of awakenings, resulting in 
increased total sleep and improved sleep continuity. 
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Their clinical profile, however, is marked by residual 
daytime sleepiness, ►anterograde amnesia, and, impor¬ 
tantly, withdrawal symptoms on discontinuation of 
therapy, reflecting their significant potential for physical 
dependence and abuse. Studies in baboons also demon¬ 
strate reinforcing properties underlying their abuse 
liability. The relatively non-selective binding and long 
half-lives of the benzodiazepines - ranging from 47-100 
h for flurazepam to 2-5 h for triazolam and 8-20 h for 
temazepam, the two short-acting benzodiazepines cur¬ 
rently indicated for insomnia - are believed to account for 
their significant residual effects. 

The non-benzodiazepine BzRA hypnotics have 
pharmacological profiles distinct from those of the 
classical benzodiazepines, and are regarded as an 
important advance in the treatment of insomnia. Firm 
generalisations about clinically important differences 
between these and classical benzodiazepines cannot be 
made, however, given the paucity of head-to-head 
clinical comparisons at equipotent doses. Pharmacoki¬ 
netic properties such as bioavailability, plasma half-life, 
elimination rate, and blood-brain barrier penetration 
more transparently influence the onset and duration of 
hypnotic effects and, to some extent, next-day neuro- 
behavioral and cognitive consequences. Compounds in 
this class include zolpidem, zopiclone, eszopiclone, 
indiplon and zaleplon. The receptor subtype selectivity 
and improved pharmacokinetic profile of the non¬ 
benzodiazepines compared with the benzodiazepines 
have yielded some clinically important benefits. 
Nonetheless, the abuse liability of these compounds, 
particularly that of zaleplon, zopiclone and eszopiclone, 
has been suggested to be similar to that of benzodia¬ 
zepines like temazepam and triazolam. In addition, at 
least at higher doses, tolerability concerns exist even 
with the newer medications, particularly with respect to 
residual and amnestic effects. There is thus interest in 
developing compounds that target different receptors, 
having more specific effects on the regulation of sleep 
without these side effects. 

Several novel approaches to the treatment of insomnia 
have attracted much attention among researchers. 

Gaboxadol is a Selective ►Extrasynaptic GABA a 
receptor Agonist (SEGA), a new class of GABAergic 
drug that activates receptors located primarily at regions 
outside of the synapse. In functional assays, gaboxadol 
selectively elicits chloride conductance through 
8-subunit containing ►GABAa receptor subtypes. The 
biophysical basis of this functional selectivity remains 
an active area of research. Notably, the BzRAs are 
unable to bind 8-containing GABA a receptor subtypes, 
suggesting a completely different target to that of 
BzRAs. These ►extrasynaptic receptors show a limited 
CNS distribution and are particularly enriched in the 
cerebral cortex, limbic system and thalamus. Recent 
studies have demonstrated that gaboxadol enhances a 


bicuculline-sensitive but zolpidem- and midazolam- 
insensitive tonic current in thalamic relay neurones in 
mice. Whether this extrasynaptic conductance is linked 
to the ►thalamocortical synchronisation that drives 
SWS and SWA is a question of particular interest, since 
gaboxadol significantly increases SWS and SWA in 
animals and humans. In drug discrimination studies, rats 
and primates trained to recognise BzRAs did not 
respond when administered gaboxadol, demonstrating 
a qualitative difference in the effects of gaboxadol 
compared with the BzRAs, and highlighting the novelty 
of this compound with respect to the older medications 
Ramelteon, a selective melatonin receptor agonist 
with high affinity for MT i and MT 2 receptors located in 
the SCN, has recently received FDA approval for 
patients with difficulty falling asleep. Studies in animals 
indicate that ramelteon significantly decreases wakeful¬ 
ness and increases SWS and ►REM compared with 
placebo. Beneficial effects of ramelteon on sleep have 
been confirmed in clinical studies. However, in contrast 
to findings in animals, clinical studies have not indicated 
an increase in SWS with ramelteon. Neither ►rebound 
insomnia nor withdrawal effects have been observed 
following chronic administration. Ramelteon thus lacks 
abuse potential, a direct consequence of its distinct mode 
of action, and is therefore not a scheduled drug. 

Serotonin 2A receptors have also been the focus of 
sleep enhancing agents on the basis that they promote 
SWS in both animal models as well as clinical trials, 
without the side effects associated with BzRAs. The 
precise interactions of these compounds within the 
sleep control pathway remain to be elucidated. 

In addition to insomnia, narcolepsy is also relatively 
well treated by the range of medications available today. 
Daytime sleep intmsions are generally combated using 
stimulants such as amphetamine or modafmil, and 
cataplexy (sudden loss of muscle tone during the 
sleep episode) using some of the older antidepressant 
compounds. A more novel approach is offered by the 
hypnotic sodium oxybate, which is reported to alleviate 
symptoms of narcolepsy by improving the continuity of 
the night time sleep. The wake promoting medication 
modafmil is of particular note, in that it appears to be able 
to elicit periods of extended wakefulness, without causing 
rebound hypersomnolence. 

Much has been discovered recently regarding the 
molecular mechanisms and pathways involved in sleep 
and its associated disorders. It is hoped that this 
knowledge will lead to improved therapeutics lacking 
the side effects of currently available drugs. 
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' Sleep Apnea 


A condition which is characterised by pauses in breath¬ 
ing during sleep. Each pause lasts long enough to miss 
several breaths and is normally repeated throughout the 
night. Can be caused centrally by a disruption in 
respiratory control or obstruction of airways during 
sleep through lack of muscular tone or some other 
obstruction. Sleep apnea can cause deprivation of deep 
sleep and daytime sleepiness. 

► Sleep 


' Sleep Continuity 


A measure used to assess sleep quality, usually 
determined by means of polysomnography. A parame¬ 
ter such as “wake after sleep onset” (WASO) is often 
used to describe sleep continuity. 

► Sleep 


' Sleep (Onset) Latency 


Time taken to fall asleep from full wakefulness. Used 
clinically as a measure of insomnia, and to determine 
the effectiveness of hypnotic medications. 

► Sleep 


' Sleep Quality 


objective measurements (e.g. sleep latency , sleep 
continuity) obtained via polysomnographic recording 
of the sleep period. 

► Sleep 


' Sleep Stages 


Since the publication of the Standardised Sleep Manual 
by Rechtshaffen and Kales (Eds) in 1968, human sleep 
has been described using a classification system based 
on a combination of EEG, EMG and EOG features. 
The acquisition and use of such data is known as 
polysomnography. Note, that when including the state 
of WAKE in the classification, these are most accurately 
described as arousal states in place of sleep stages. 

Electroencephalographic (EEG), electro-oculographic 
(EOG) and electromyelographic (EMG) feature charac¬ 
teristic of the stages of sleep (NREM stages 1-4 and 
REM) and wake. The distinctions between REM and 
NREM sleep are dramatic and qualitative, including 
differences in EEG and EOG patterns, changes in heart 


Stage 

EEG characteristics 

EOG 

EMG 

muscle 

activity 

W 

Predominant alpha activity 
(more than 50% of the 
epoch) mixed with EEG 
beta 

Slow 

and 

rapid 

High 

1 

Alpha activity is replaced by 
predominant low-voltage, 
mixed-frequency 
background activity 
sometimes with vertex 
sharp waves 

Slow 

Decreased 

from wake 

2 

Sleep spindles and K 
complexes in a background 
EEG that has less than 

20% delta activity 

None 

Decreased 

from wake 

3 

Slow waves (EEG delta 
activity) comprise 20%- 
50% of the epoch; sleep 
spindles usually are 
present 

None 

Decreased 

from wake 

4 

More than 50% of the ep¬ 
och has EEG delta activity 

None 

Decreased 

from wake 


Determinations of the quality of sleep can either be 
made based on patient report (i.e. perceived sleep 
quality), using standardised questionnaires, or by more 
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rate and respiration, and the presence or absence of 
muscle tone. Distinctions between NREM stages are 
more arbitrary and are centred on a progressive increase 
in amplitude and slowing of the EEG with successive 
stages. “Depth” of sleep, as indexed by an increase in 
the arousal threshold, increases with progression 
through NREM stages. 

► Sleep 


1 Sleeping Sickness (African) 


Vector-bom infectious disease caused by Trypanosoma 
bmcei gambiense and Trypanosoma bmcei rhode- 
siense. 

►Antiprotozoal Dmgs 


Slow Wave Activity 


Synonyms 

SWA 

Definition 

Oscillations in the EEG of between 0.5 and 4 Hz, 
sometimes also called delta activity. SWA is a hallmark 
of the sleeping brain, and is most prevalent in the 
deepest sleep stages (stages 3-4). The slow oscillations 
arise from widespread synchrony of neuronal firing, 
particularly in the thalamocortical circuits. 

► Sleep 


' Slow Wave Sleep 


Generic term usually applied to the deeper stages of 
NREM sleep (stages 3 and 4), so called because of the 
high proportion of slow wave activity (SWA). 

► Sleep 


1 Smad 


(Mothers against decapentaplegic homolog) A group of 
related intracellular proteins with a key role in the 
transforming growth factor-p signaling cascade com¬ 
posed of three domains: an N-terminal Mad homology 1 
(MH1) domain, a nonconserved linker region, as well as 
a C-terminal MH2 domain. There are at least eight 
different Smad proteins in vertebrates responsible for 
transmitting TGF-p signals from the cell surface to the 
nucleus and are grouped into three classes: (i) Receptor- 
activated Smads (R-Smads) - Smadl, Smad2, Smad3, 
Smad5 and Smad8; (ii) Comediator Smad - Smad4; and 
(iii) Inhibitory Smads (I-Smads) - Smad6 and Smad7. 

►Transforming Growth Factor-Beta 


1 Small G Proteins 


► Small GTPases 


1 Small GTPases 


Gudula Schmidt, Klaus Aktories 
Institut fur Experimentelle und Klinische 
Pharmakologie und Toxikologie, Albert-Ludwigs- 
Universitat Freiburg, Freiburg, Germany 

Synonyms 

Low molecular mass GTPases; Small G proteins 

Definition 

Small GTPases are monomeric 20 to 40 kD GTP- 
binding proteins that interconvert between an active 
(GTP-bound) and an inactive (GDP-bound) state. As 
molecular switches they are involved in the regulation 
of complex cellular processes. 

Basic Characteristics 
Regulation 

Activation of small GTPases occurs by GDP/GTP 
exchange catalyzed by ►guanine nucleotide exchange 
factors (GEFs) (Fig. 1). They stimulate the dissociation 
of GDP in response to an upstream signal and results 
in the binding of GTP. In the GTP-bound form the 
GTPases are active, and bind to and activate a number 
of effector molecules. The small G proteins are able to 
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Small GTPases. Figure 1 The GTPase cycle: GTPases 
are inactive in the GDP-bound form. In a complex with 
guanine nucleotide dissociation inhibitors (GDIs) the 
inactive form is stabilized (note, not all small GTPases are 
regulated by GDIs, e.g. not Ras, Ran and Arf subfamily 
proteins). Guanine nucleotide exchange factors (GEFs) 
cause the release of GDP and binding of GTP, and 
thereby the activation of the proteins. The active state of 
the GTPases is turned off by GTP hydrolysis catalyzed by 
GTPase activating proteins (GAPs). 

hydrolyse the bound nucleotide to GDP. This inactiva¬ 
tion step is accelerated by ►GTPase activating proteins 
(GAPs). In the GDP-bound form the GTPases are 
inactive and some bind then to ►guanine nucleotide 
dissociation inhibitors (GDIs) that stabilize the inactive 
form and cover the lipid modification of the GTPase as 
a cytosolic complex. Novel roles of GDI in GTPase 
regulation like the delivery of GTPases to specific sites 
within the cell are discussed. Moreover, local synthesis 
and degradation of GTPases seem to play additional 
roles in the spatial regulation of small GTPases. In 
mammalian cells, each family of GTPase regulating 
proteins comprise numerous members which are more 
or less specific for individual GTPases, cell types, 
GTPase functions and signal pathways. 

General Structural Properties 

All small GTPases are folded in a similar way. They 
possess four consensus amino acid sequences in 
common, which are involved in nucleotide binding and 
hydrolysis: GXXXXGK, DXXG, NKXD and EXSAX. 
Two highly flexible regions (Switch I and Switch II 
regions) determine the nucleotide-dependent activity 
state of the GTPases and the protein-protein interactions 
with effectors and regulatory proteins. 

Post-Translational Modification 

All small GTPases (except Ran) are post-translationally 
modified. Most important is the isoprenylation of the 
C-terminus. The type of modification is determined by 


the COOH-terminal amino acid sequence. GTPases 
with a C-terminal CAAX-box (A = aliphatic amino 
acid, X = any amino acid) are famesylated at the 
cysteine residue followed by the proteolytic degrada¬ 
tion of the last three amino acids and subsequent 
methylation of the carboxy-terminus. In the case of a 
CAAL or CAC, the cysteines are modified by geranyl- 
geranylation. In some cases an additional cysteine is 
palmitoylated or N-terminal myristoylation occurs. All 
these post-translational modifications allow the interac¬ 
tion of GTPases with the phospholipid bilayer. Lipid 
modification of the GTPases is required for their 
membrane localization and GDI binding. 

Families 

The superfamily of small GTPases consists of more 
than 100 members from yeast to human with more than 
80 members expressed in mammalian cells. Based on 
structural and functional similarities the GTPases are 
subdivided into five major classes. 

Ras GTPases 

The mammalian family of Ras GTPases consists of 
more than 15 members which share high homology to 
each other and include Ha-Ras, Ki-Ras, N-Ras, R-Ras, 
Rap, Ral, Rheb, Rin and Rit proteins (1). Ras proteins 
have achieved attention with the discovery that they 
contain point mutations in 15% of all human tumours 
(more than 90% in pancreatic tumours), leading to the 
exchange of conserved amino acids, e.g. at positions 12 
and 61. Amino acid exchanges at these positions block 
the GTP hydrolase activity of the GTPases, resulting in 
constitutive activation. Ras GTPases are involved 
in signal transduction of proliferation and/or differ¬ 
entiation. They couple receptor tyrosine kinases with a 
protein kinase cascade termed Raf/ERK kinase pathway 
(also known as MAP kinase cascade). Activation of this 
pathway leads to phosphorylation and activation of 
transcription factors like Elk-1, and stimulate gene 
expression. Activated Ras has been shown to transform 
culture cells and to produce tumours in nude mice. 
Besides the Raf kinase, the RalGDS, which is an 
activator of the Ral subfamily proteins, and the PI3 
kinase, which is involved in inositol signalling, are 
important effectors of Ras. Ral GTPases (<50% 
identical with Ras) control cell proliferation, Ras- 
mediated cell transformation, vesicle traffic, phospholi¬ 
pase D and cytoskeleton organization. Rap GTPases 
have been identified in a screen for cDNAs that are able 
to revert the transforming phenotype of Ki-Ras (Kirsten 
Ras) and, therefore, were also termed K-rev proteins. 

Rho GTPases 

Members (>20) of the Rho family of GTPases, 
including RhoA, B and C, Cdc42 and Racl, 2 3, 
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share more than 50% sequence identity. The GTPases 
are important regulators of the actin cytoskeleton 
(2). RhoA regulates the formation of actin stress 
fibres, whereas Cdc42 is known to induce filopodia. 
Rac is involved in the formation of lamellipodia and 
membrane ruffles. Rho GTPases are involved in 
migration, phagocytosis, endo- and exocytosis, cell¬ 
cell and cell-matrix contact. Rac regulates NADPH 
oxidase. Furthermore, Rho GTPases are involved in 
transcriptional activation, cell transformation and 
apoptosis. Rho GTPases are regulated by a large 
number of GEFs and GAPs (>60 members of each 
family have been identified), suggesting function- 
specific regulation of the activity state. 

A subfamily of Rho proteins, the Rnd family of 
small GTPases, are always GTP-bound and seem to be 
regulated by expression and localization rather than 
by nucleotide exchange and hydrolysis. Many Rho 
GTPase effectors have been identified, including pro¬ 
tein and lipid kinases, phospholipase D and numerous 
adaptor proteins. One of the best characterized effector 
of RhoA is Rho kinase, which phosphorylates and 
inactivates myosin phosphatase; thereby RhoA causes 
activation of actomyosin complexes. Rho proteins are 
preferred targets of bacterial protein toxins (►bacterial 
toxins). 

Rab GTPases 

The largest family of small GTPases with more than 40 
members identified are the Rab GTPases (3). Rab 
proteins are important regulators of specific steps of 
vesicle trafficking, including budding, targeting, dock¬ 
ing and fusion with acceptor membranes. Each Rab 
protein has an organelle-specific subcellular localiza¬ 
tion and seems to be functionally specialized. RablA 
and Rab IB are two of the most extensively studied 
members of the Rab family. Both proteins are found in 
membranes of the ER, Golgi apparatus and intermediate 
vesicles between these compartments. They appear to 
function in the anterograde trafficking of proteins from 
the ER to the Golgi compartment. Rab4 and Rab5 are 
present on early endosomes and are involved in the 
endocytic process, whereas Rab6 is localized at the 
Golgi apparatus regulating processes of the secretory 
pathway. One of the best studied members of the Rab 
protein family is Rab3a. This GTPase is a key 
regulator of Ca 2+ -induced exocytosis, particularly in 
nerve terminals. Several effectors of Rab proteins like 
Rabphilin, Rabaptin and Rim have been identified and 
characterized as essential for vesicle trafficking. 
Recently, the Rab effector Rabkinesin6 has been 
identified that links Rab proteins to the microtubule 
cytoskeleton. Rabkinesin6 may be the motor driving 
vesicles along microtubules from the Golgi apparatus to 
the periphery. 


Arf/Sarl GTPases 

The name Arf (ADP-ribosylation factor) stems from 
its discovery as a cytosolic factor with the ability to 
enhance the ADP-ribosylation of the a-subunit of 
the G protein G s by ►cholera toxin. Arf is known 
to regulate phospholipid metabolism. Studies with 
dominant active or dominant negative mutants of Arf 
proteins in mammalian cells suggest the involvement 
of these GTPases in the trafficking of coated vesicles, 
and it is now known that Arfl regulates the formation 
of COPI-coated vesicles for retrograde transport bet¬ 
ween Golgi apparatus and endoplasmic reticulum (4). 
Sari, which is 37% identical to Arfl, is needed for the 
assembly of COPII proteins for vesicle transport in the 
opposite direction. Taken together, Arf and Sar proteins 
play crucial roles in the recruitment of COP com¬ 
ponents to vesicles thereby regulating vesicle budd¬ 
ing. In contrast to the other small GTPases, ArfSarl 
proteins are not regulated by GDI proteins, whereas 
different GEF and GAP proteins have been identified. 
Myristoylation of Arf proteins at the N-terminus is 
required for its membrane localization. 

Ran GTPases 

In mammalian cells there is only one Ran gene, which 
was discovered as a Ras-like gene (Ran: Ras-related 
nuclear protein) (5). In contrast, in yeast more than one 
related Ran genes have been identified. The predomi¬ 
nant nuclear localization of the GTPase was the first 
hint that Ran is involved in nucleocytoplasmic trans¬ 
port processes. Interestingly, the only Ran GEF present 
in mammalian cells, RCC1 (regulator of chromatin 
condensation), is localized exclusively in the nucleus, 
whereas the single Ran GAP (Ran GAP1) is in the 
cytoplasm. This specialized localization of the regula¬ 
tors is the prerequisite for the asymmetric distribution 
of the GDP- and GTP-bound form of Ran and for its 
role as a nucleocytoplasmic transporter. In contrast to 
other GTPases, the activity of Ran is dependent on the 
gradient of the GTP-bound GTPase from cytoplasm to 
nucleoplasm that allows the transport of cargo proteins. 
Ran is involved in nuclear import as well as in export 
of proteins through the ►nuclear pore complex. Both 
processes require the formation of protein complexes, 
including Ran, the cargo protein and Ran-binding pro¬ 
teins like ►importins or ►exportins. In addition to its 
transporter function, Ran has been shown to participate 
in microtubule organization during the M phase of the 
cell cycle. 

Cascades and Cross-Talk 

Small GTPases are not isolated molecular switches 
regulating cellular processes. Signalling cascades 
within one subfamily as well as cross-talk between 
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members of different subfamilies are known. For 
example, Cdc42/Rac/Rho are sequentially activated 
after extracellular stimuli in quiescent Swiss 3T3 cells. 
Moreover, reciprocal modulation between Rho 
GTPases has been described. Ras and Rho proteins act 
in a cooperative manner in Ras-induced transforming. A 
further example of cross-talk between GTPase families 
is the cooperative function of Rho and Rab proteins 
during cell migration, with Rho proteins controlling the 
actin cytoskeleton, and Rab proteins regulating vesicu¬ 
lar traffic for the recruitment of membrane material, and 
the recycling of proteins like integrins. Arfaptin 
connects signalling via Arf and Rac in regulating 
fundamental processes like endocytosis and secretion. 

Drugs 

Small GTPases, among other activities, regulate cell 
growth, neurite outgrowth and signalling of immune 
cells involved in inflammation. Pharmacological mod¬ 
ulation of the activity of small GTPases is thus a useful 
aim in cancer and anti-inflammatory therapies. Fame- 
syltransferase inhibitors can be used to block the post- 
translational modification of the GTPases, which for 
example is essential for the transforming activity of 
Ras or Rho GTPases. Moreover, inhibitors of GTPase 
effectors like Rho kinase inhibitors have been gener¬ 
ated. Such agents are at present in clinical trials. 

►Bacterial Toxins 

► Exocytosis 

► Intracellular Transport 

► Growth Factors 
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' Smooth Muscle Tone Regulation 
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Synonyms 

Regulation of smooth muscle contractility 


Definition 

Following organs contain as major functional part 
smooth muscles layers: Arterial and venous vessels; 
lung and bronchia; oesophagus, stomach, small and 
large intestine; urinary tract and bladder; uterus. 
Hormones, locally released transmitters and shear stress 
or pressure regulate the tonus of these organs. Each 
organ has a slightly different regulation of its 
contractility, but the basis for this regulation, i.e. the 
intracellular signalling pathways, are very similar or 
identical. This article will focus on major findings that 
may be identical in all smooth muscles. 

Basic Mechanisms 

Key mechanism of smooth muscle tone regulation is the 
phosphorylation of Ser-19 of the ►regulatory myosin 
light chain II (rMLC) [1]. Phosphorylation and dep¬ 
hosphorylation is catalysed by ►myosin light chain 
kinase (MLCK) and the type 1 ►myosin phosphatase 
(MLCP), respectively. Calcium-dependent and calcium- 
independent signal pathways regulate the activity of 
both enzymes and thereby the phosphorylation status 
of rMLC. An increase in the cytosolic calcium concen¬ 
tration leads to phosphorylation of the rMLC and 
contraction within 4 s. The correlation between percent 
phosphorylated rMLC and developed force is quite 
variable. Maximal force can be attained at 0.2-0.3 mol 
phosphate per mol rMLC. Phosphorylation can decline 
during maintenance of tension suggesting that even 
dephosphorylated cross-bridges can contribute to force 
maintenance. 

Calcium-dependent regulation involves the calcium- 
calmodulin complex that activates smooth muscle 
MLCK, a monomer of approximately 135 kDa. Dephos¬ 
phorylation is initiated by MLCP. MLCP is a complex 
of three proteins: a 110-130 kDa myosin phosphatase 
targeting and regulatory subunit (MYPT1), a 37 kDa 
catalytic subunit (PP-1C) and a 20 kDa subunit of 
unknown function. In most cases, calcium-independent 
regulation of smooth muscle tone is achieved by inhibi¬ 
tion of MLCP activity at constant calcium level inducing 
an increase in phospho-rMLC and contraction (Fig. 1). 

Calcium-Dependent Contraction 

Different agonists such as norepinephrine, acetylcholine 
or angiotensin II activate smooth muscle contraction 
by binding to a heptahelical receptor, i.e. a-adrenergic, 
muscarinergic or AT-1 receptors, followed by an 
increase in cytosolic calcium (Fig. 1 and 2). The 
activation of the trimeric G Proteins G q or Gn increases 
the activity of phospholipase Cp (PLC) generating 
inositol trisphosphate (IP 3 ) and diacylglycerol (DAG) 
and other fatty acid derived compounds. Classical 
findings suggested that IP 3 stimulates calcium release 
from intracellular stores that binds to calmodulin and 
activates MLCK. This simple scheme is not in line with 
the fact that a block of the ► L-type Ca 2+ channel inhibits 
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N E/other effectors 

* 



Smooth Muscle Tone Regulation. Figure 1 Mechanisms leading to agonist stimulated calcium-dependent and 
calcium-independent contraction of smooth muscle. NE, norepinephrine. See text for the other abbreviations. 



Smooth Muscle Tone Regulation. Figure 2 Membrane mechanisms leading to an increases in cytosolic calcium 
concentration, depolar, depolarisation of the membrane; see text for abbreviations. 


contraction. The importance of the L-type calcium 
channel is further supported by genetic deletion of the 
corresponding Ca v 1.2 gene. Mice lacking the smooth 
muscle Cavl.2 channel have severe difficulties to 
contract intestinal and other smooth muscle. It is 
therefore likely that activation of a heptahelical receptor 
leads to depolarisation of the membrane and activation 
of the L-type calcium channels (Fig. 2). Possible 
candidates are ►TRP channels (most likely TRPC6) 
activated either by DAG or by interaction with empty 
IP 3 -stores. The inflowing cations may depolarise the 
membrane to potentials that activate T- and thereafter 
L-type calcium channels or directly L-type channels. A 
second channel depolarising the membrane is the 
calcium-activated chloride channel present in many 
smooth muscle cells. Calcium released from IP 3 -stores 
or flowing in through TRP channels could activate this 
chloride channel and depolarise thereby the membrane. 
The L-type calcium channel provides calcium to trigger 
calcium release from ryanodine receptor controlled 


calcium stores and for refilling various intracellular 
calcium stores ([2]). The mechanism behind pressure or 
shear stress induced contraction is unsolved, but may 
again involve TRP channels. 

Calcium-Independent Contraction 

Agonist-activated receptors can induce contraction at a 
constant intracellular calcium concentration [3], if the 
receptor activates the G proteins G i2 or Gi 3 (Fig. 1). 
Activation of these G proteins recruits the monomeric 
GTPase ►Rho to the membrane, where Rho exchanges 
GDP against GTP and activates ►Rho-kinase. By a still 
unsolved cascade eventually involving ZIP kinase, the 
MYPT1 subunit of MLCP is phosphorylated at Thr-697 
and Thr-854 (rat MYPT1) which reaction inhibits MLCP 
activity. Since the activity of MLCK is not affected by this 
cascade, rMLC is phosphorylated to a higher level. 
Phosphorylation and inhibition of MLCP activity is only 
observed, if a central exon of MYPT1 is present. These 
results could explain the old finding that certain agonists 
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induce calcium sensitation of the contractile machinery in 
most but not all smooth muscles. MLCP activity is also 
affected by a smooth muscle specific inhibitor protein of 
PP-1C, named ►CPI-17. Protein kinase C (PKC) 
phosphorylates CPI-17, which becomes then a high 
affinity inhibitor of the catalytic subunit of MLCP. The 
nature of the PKC subtype is not clear. It is possible that it 
is one of the atypical PKC enzymes that is activated 
directly (?) by arachidonic acid (AA). Rho-kinase which 
phosphorylated CPI-17 in vitro apparently may affect 
directly in vivo the phosphorylation status of CPI-17 [4]. 
Arachidonic acid inhibits dephosphorylation of MLCs, i. 
e. by a second mechanism by dissociating the MLCP 
holoenzyme. 

Relaxation of Smooth Muscle 

The major relaxing transmitters are those that elevate 
the cAMP or cGMP concentration (Fig. 3). Adenosine 
stimulates the activity of cAMP kinase. The next step 
is not clear, but evidence has been accumulated that 
cAMP kinase decreases the calcium sensitivity of the 
contractile machinery. In vitro, cAMP kinase phos¬ 
phorylated MLCK and decreased thereby the affinity 
of MLCK for calcium-calmodulin. However, this 
regulation does not occur in intact smooth muscle. 
Possible other substrate candidates for cAMP kinase 
are the heat stable protein HSP 20, (A heat stable 
protein of 20 kDa that is phosphorylated by cGMP 
kinase. It has been postulated that phospho-HSP 20 
interferes with the interaction between actin and 
myosin allowing thereby smooth muscle relaxation 
without dephosphorylation of the rMLC.) Rho A 
and MLCP that are phosphorylated also by ►cGMP 
kinase I (Fig. 3). 


A major relaxing factor is NO, a signal molecule 
synthetized by three different ►NO synthases (NOS). 
NO synthetized in the endothelial layer of the vessels 
diffuses into the smooth muscle layer, where NO 
activates soluble guanylate cyclase (GC) and generates 
high concentrations of cGMP. In non-vascular systems 
such as the intestinal smooth muscle, NO is released 
from non-adrenergic, noncholinergic neurons. An 
alternative pathway for the production of cGMP, is 
the stimulation of particulate GC by the ►natriuretic 
peptides ANF and BNF. ANF and BNF are released 
from cardiac atrial and ventricular muscle, respec¬ 
tively, and lower blood pressure. The effects of the 
natriuretic peptides are mediated through cGMP and 
cGMP kinase I, whereas NO has effects which are not 
mediated by cGMP kinase I. 

Smooth muscle contains the two cGMP kinase 
isozymes la and ip and a number of identified substrates 
[5]. The NO/cGMP/cGMP kinase pathway interferes 
with the calcium-dependent and the calcium-independent 
contraction. A number of researchers have shown that 
cGMP-dependent phosphorylation of the ►BK Ca chan¬ 
nel increases its open probability resulting in hyperpolar¬ 
ization of the membrane potential and closure of voltage- 
dependent calcium channels. The activity of the BKc a 
channel is upregulated by the intracellular calcium 
concentration establishing a negative feedback loop. It 
is well established that cGMP kinase decreases the release 
of calcium from intracellular stores. Recently, it was 
found that cGMP kinase Ip is associated with the IP 3 
receptor type 1 and the 130 kDa protein ►IRAG. 
Phosphorylation of IRAG inhibited the release of 
calcium from IP 3 -sensitive stores in COS cells. How¬ 
ever, isozyme-specific reconstitution of cGMP kinase I 



Smooth Muscle Tone Regulation. Figure 3 Major mechanisms leading to relaxation of smooth muscle. See text for 
the abbreviations. 
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deficient mice suggested that, in murine aortic smooth 
muscle cells, cGMP kinase la and ip lowered norepi¬ 
nephrine-stimulated increases in the cytosolic calcium 
concentrations. This result is in line with the recent 
notion, which calcium-dependent contraction of smooth 
muscle requires membrane depolarisation and calcium 
influx through membrane localized ion channels (see 
above). It is possible that the IP 3 -sensitive calcium 
pool associated with IRAG and cGKip controls other 
smooth muscle functions such as phenotype changes and 
smooth muscle growth. 

Recently it was demonstrated that cGMP kinase I 
inhibits also smooth muscle contraction due to the 
calcium-insensitive pathway. A possible mechanism 
could be phosphorylation of Rho by cGMP kinase I. 
The phosphorylation site is identical with a cAMP 
kinase site identified in Rho from non-smooth muscle 
cells. It was reported that phosphorylation of Rho by 
cGMP kinase I prevents membrane association of Rho, 
that is required to stimulate the GDP/GTP exchange. 
Alternatively, phosphorylation of telokin may interfere 
with the calcium sensitisation of contraction. cGMP 
kinase la interacts specifically with a leucine zipper 
present at the C-terminus of MYPT1. Depending on the 
tissue, this leucine zipper is present or not. MLCP 
activity increased when MYPT1 is phosphorylated by 
cGMP kinase la at Ser-696. 

Pharmacological Intervention 

A large number of drugs interfere with the smooth muscle 
contraction. These compounds lower blood pressure and 
are referred to as antihypertensive. In this section, only 
those coumpounds will be mentioned that have a direct 
effect on smooth muscle tone. Phenylephrine is an agonist 
on most smooth muscles and activates ai adrenoceptors. 
Carbachol is an agonist on some smooth muscles and 
activates contraction through muscarinic receptors. 
Blockers of the ai-adrenoceptors such as prazosin and 
urapidil are competitive inhibitors of the ai-receptor in 
vascular and bladder smooth muscle. Phenoxybenzamine 
is an irreversible blocker of ai receptors and phentol- 
amine blocks ai and a 2 receptors. ►Ca 2+ channel 
blockers such as the dihydropyridines, phenylalkyla- 
mines and benzothiazepines lower smooth muscle tone 
by blocking the L-type calcium channel. 

►Nitrates (glycerol trinitrate, isosorbit dinitrate, pen- 
taerythritol tetranitrate, molsidomine, sodium nitroprus- 
side), that generate NO, increase cGMP concentrations 
and lower smooth muscle tone by activation of cGMP 
kinase I. Nitrates relax in vivo mainly the capacitative 
part of the circulation system, i.e. the veneous part. 
► Sidenafil, a specific inhibitor of phosphodiesterase V, 
a cGMP hydrolysing enzyme, increases cGMP in the 
corpus cavemosum and lowers together with nitrates the 
blood pressure by the combined effect on cGMP level. 
An additional potentially important drug family are 


compounds that stimulate the soluble guanylyl cyclase 
independent of NO [6] and lower elevated blood 
pressure. The inhibitor of Rho-kinase, ►Y-27632, 
lowers elevated blood pressure in hypertensive animals, 
without affecting significantly the blood pressure of 
non-hypertensive animals ([7]). 

►Nitric Oxide 
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' SMURF 


Synonyms 

Smad ubiquitin regulatory factor 

Definition 

Smad specific E3 ubiquitin ligases that associate with 
and lead to the degradation of the cytoplasmic receptor 
activated R-Smads. This regulatory protein serves to 
keep the available R-Smad pools low. Smurfs have been 
shown to regulate PRAJA ubiquitination of ELF which 
can be displaced from the TGF-P signaling pathway. 
Additionally, Smurfs can ubiquitinate phosphorylated 
nuclear R-Smads leading to their degradation. Through 
the nuclear R-Smad/Smurf complex ubiquitination of 
transcriptional repressors, the repressors can be down- 
regulated allowing the removal of inhibitory activities 
from target genes that require transcriptional induction 
by Smad complexes. 

►Transforming Growth Factor-Beta 
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'SNAPs 


SNAPs is an acronym for soluble NSF attachment 
proteins. They were originally discovered as cofactors 
for NSF that mediate the membrane binding of NSF in 
in vitro transport assays. Several isoforms of SNAPs 
exist in mammalian cells. SNAPs are also highly 
conserved proteins. Crystallographic studies indicated 
that the proteins form a very stiff and twisted sheet that 
is formed by a series of antiparallel and tightly packed 
helices connected by short loops. 

► Exocytosis 


' SNARE Proteins 


SNAREs is an acronym for soluble NSF acceptor 
protein receptors. They are a superfamily of small and 
mostly membrane-bound proteins that are distinguished 
by the presence of a conserved stretch of 60 amino acids 
referred to as a SNARE motif. With few exceptions, a 
single transmembrane domain is located adjacent to the 
SNARE motif at the C-terminal end. Many SNAREs 
possess in addition an independently folded N-terminal 
domain whose structures are more diverse. 

SNARE motifs spontaneously assemble into SNARE 
complexes. These consist of a bundle of four intertwined 
a-helices that are connected by a total of 16 layers of 
mostly hydrophobic amino acid side chains. In the middle 
of the bundle, there is a highly conserved and polar “0- 
layer” consisting of three glutamine and one arginine 
residue. These residues are among the most conserved in 
the SNARE superfamily and led to a classification of 
SNAREs into Q- and R-SNAREs, respectively. Different 
fusion steps require different sets of SNAREs but some 
SNAREs can participate in different complexes, and 
some fusion steps involve several SNARE complexes 
that appear to operate in parallel and independently. 

In vitro, SNARE-complex formation is irreversible. 
Disassembly requires the concerted action of the 
chaperone-like ATPase NSF and SNAPs. 

► Exocytosis 

► Synaptic Transmission 


' SNFl Complex Au2 (Fungi) 


►AMP-Activated Protein Kinase 


' SNPs 


► Single Nucleotide Polymorphisms 


' SNRIs 


► Selective Noradrenaline Reuptake Inhibitors 


socs 

Suppressors of cytokine signaling are a family of 
cytokine-inducible proteins that inhibit JAK kinases. 

► The JAK-STAT-Pathway 

SOD 


► Superoxide Dismutase 


' Solid Phase Synthesis 


Solid phase synthesis is a polymer-supported or solid- 
supported synthesis, i.e., stepwise construction of 
product molecules attached to an insoluble organic or 
inorganic polymer. 

► Combinatorial Chemistry 


' Soluble Guanylyl Cyclase 


The enzyme guanylyl cyclase produces the second 
messenger guanosine monophosphate (3', 5'-cyclic 
GMP, cGMP) from guanosine triphosphate (GTP). 
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The soluble isoform is the primary target of the 
signaling molecule NO. 

► Guanylyl Cyclase 


' Solute Carrier 


► Table appendix: Membrane Transport Proteins 


1 Somatomedins 


Somatomedins are polypeptide mediators produced in 
response to growth hormone in the liver, e.g. insulin- 
like growth factors (IGFs). In particular, IGF-1 is the 
main mediator of growth hormone action. 


Somatostatin 


Gisela Olias, Wolfgang Meyerhof 
Department of Molecular Genetics, German Institute of 
Human Nutrition Potsdam-Rehbruecke, Nuthetal, 
Germany 


Synonyms 

Somatostatin; SOM; SST14; SST28; Somatotropin 
release inhibitory factor (SRIF); Growth hormone 
release-inhibiting factor 

Definition 

Somatostatin is a regulatory cyclic peptide, which has 
originally been described as a hypothalamic growth 
hormone release-inhibiting factor. It is produced through¬ 
out the central nervous system (CNS) as well as in 
secretory cells of the periphery and mediates its 
regulatory functions on cellular processes such as 
neurotransmission, smooth muscle contraction, secretion 
and cell proliferation via a family of seven transmem¬ 
brane domain G-protein-coupled receptors termed ssti_ 5 . 

Basic Characteristics 
Biosynthesis 

The human somatostatin gene is located on chromo¬ 
some 3q28 and contains a single intron of 876 bp in its 
coding sequence. Its 5' upstream region includes several 


regulatory domains such as a cAMP ►response element 
(CRE). The intracellular mediator cAMP is one of the 
activators of somatostatin gene transcription, but also 
many other factors such as Ca 2+ , glucocorticoids and 
growth hormone are able to influence somatostatin gene 
expression [1]. 

As other neuropeptides, somatostatin is synthesised 
as a preprohormone on ribosomes of the rough 
► endoplasmic reticulum (RER). Translation product 
of the 351 bp long mRNA coding sequence is 
preprosomatostatin, a peptide of 116 amino acids. After 
translocation of the precursor molecule into the ER 
lumen and cleavage of the signal peptide the prohormone 
is further transported by transfer vesicles through the 
Golgi stacks into the trans compartment of the ►golgi 
apparatus. Differential posttranslational processing of 
prosomatostatin on the way from the ER to the trans 
Golgi network results in two biologically active isoforms, 
the tetradecapeptide somatostatin-14 and the amino- 
terminally extended octacosapeptide somatostatin-28, 
respectively. Cleavage of the C-terminal region of 
prosomatostatin at a dibasic Arg-Lys site produces 
somatostatin-14 and cleavage at a monobasic Gln-Arg 
site results in somatostatin-28. Candidates for somato¬ 
statin-14 converting enzymes are prohormone conver- 
tases PCI and PC2 whereas ►furin is a candidate 
somatostatin-28 convertase. The amounts of produced 
isoforms are tissue specific. Whereas the hypothalamus 
synthesises both, somatostatin-14 and somatostatin-28 in 
a ratio of 4:1, the intestinal mucosal cells produce mainly 
somatostatin-28. 

In the trans Golgi compartment the peptide is sorted 
via secretory vesicles into a regulated pathway. In 
contrast to vesicles of the constitutive pathway, vesicles 
of the regulated pathway are stored in the cytoplasm 
until their stimulated release. Membrane depolarisat¬ 
ion as well as a wide range of substances such as 
intracellular mediators, neuropeptides, neurotransmit¬ 
ters, classical hormones, cytokines, growth factors, ions 
and nutrients induce somatostatin secretion. General 
inhibitors of somatostatin release are opiates, GABA, 
leptin and TGF-p. 

Tissue Distribution 

High amounts of somatostatin are found in the CNS, the 
peripheral nervous system, the gut and the endocrine 
pancreas whereas the kidneys, adrenals, thyroid, sub¬ 
mandibular glands, prostate and placenta produce rather 
low amounts. In particular, the hypothalamus, all limbic 
structures, the deeper layers of the cerebral cortex, 
the striatum, the periaqueductal central grey and all 
levels of the major sensory pathway are brain areas 
that are especially rich in somatostatin. Eighty percent 
of the somatostatin immunoreactivity in the hypothala¬ 
mus is found in cells of the anterior periventricular 
nucleus (Fig. 1, [1]). The gut 5 cells of the mucosa and 
neurons, which are intrinsic to the submucous and 
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Somatostatin. Figure 1 Somatostatin-like 
immunoreactivity in neurons of the periventricular 
hypothalamic nucleus of the rat. Coronal brain cryostat 
sections have been processed for 
immunohistochemistry and sequentially incubated with 
a primary monoclonal mouse antihuman somatostatin 
antibody and secondary antimouse antibody conjugated 
with the fluorescence-dye Cy-3. Images have been 
taken with a Zeiss Axioplan fluorescence microscope. 
Scale bar, 100 pM. 

myenteric plexuses, produce somatostatin. Furthermore, 
somatostatin has been found in 5 cells of the pancreas and 
within the thyroid where somatostatin has been detected 
in a subpopulation of C cells that additionally contain 
calcitonin. Somatostatin has also been localised in the 
inner part of the retina and in cells and organs of the 
immune system, for example within macrophages, 
lymphocytes and the thymus. 

Somatostatin Receptors 

Somatostatin acts on various organs, tissues and cells as 
neurotransmitter, paracrine/autocrine and endocrine 
regulator on cell secretion, smooth muscle contractility, 
nutrient absorption, cell growth and neurotransmission 
[1]. Some of its mainly inhibitory effects are listed in 
Table 1 . Somatostatin mediates its function via a family 
of heptahelical G-protein-coupled receptors termed 


ssti, sst 2 , sst 3 , sst 4 and sst 55 which were cloned about 
15 years ago. Despite a high degree of sequence 
homology the receptors derive from separate genes 
localised on different chromosomes (Table 2). The 
genes of ssti, sst 3 , sst 4 and sst 5 do not contain any 
introns in their protein coding regions. In contrast to 
this, the sst 2 gene contains a cryptic splice site at the 
3' end of its coding region giving rise to two splice 
variants, sst 2A and sst 2B . 

Studies investigating the distribution of sst mRNAs 
have shown that sst gene expression varies during 
ontogeny. Moreover, all five genes are tissue specifi¬ 
cally expressed. However, expression pattern overlap 
and different mRNA levels have been demonstrated in 
brain, pituitary, pancreas, adrenals, kidneys, liver, lung, 
placenta, stomach, gut, thyroid and immune cells. In 
addition to the sst gene expression in organs, many 
tumour cell lines, such as AtT20 and GH3 pituitary 
cells, and numerous human tumours, benign or 
malignant, have been shown to be a rich source of sst 
subtypes. sst 2 mRNA is highly expressed in many 
tumours, while sst 5 mRNA is abundant in breast 
tumours and sst/ appears to be preferentially expressed 
in primary prostate cancers [1, 3]. Laboratories 
investigating neuroendocrine tumours, such as gastri¬ 
nomas and insulinomas, reported not only a general 
expression of sst h sst 2 , but also varying levels of 
sst 3 , sst 4 and sst 5 mRNAs have been observed. 
Interestingly, in gastrinomas and carcinoids only low 
amounts of sst 3 mRNA have been detected so far. 
However, it should be noted that these results may 
not automatically mirror functional receptor levels, 
since to date nearly all investigations of sst subtypes in 
tumours are based on mRNA studies. 

Besides developmental and tissue-specific regulation 
of sst gene expression, regulation by extracellular 
signals, such as estrogen and thyroid hormone, has been 
observed. The underlying mechanisms still remain to be 
elucidated, although promoter studies of various 
laboratories have begun to work out the molecular basis 
for a better understanding. All sst subtype ►promoters 
investigated to date contain consensus sequences for 
several common transcription factors. For example, the 
sst 2 gene contains estrogen response elements whereas 
progesterone/glucocorticoid and thyroid response ele¬ 
ments were found in the sst lt and sst 5 genes [1]. 

The human sst receptor protein isoforms range in size 
from 364 amino acids to 418 amino acids (Table 2). The 
sst subtypes show highest sequence identity in their 
putative transmembrane domains and can be divided, 
on the basis of amino acid homologies and by their 
ability to bind somatostatin analogues (Table 3), into 
two subclasses, termed SRIFi and SRIF 2 . The SRHh 
group comprises sst 2 , sst 3 and sst 5 (SRIFi A , SRIFib and 
srif lc ) and the SRIF 2 group includes ssti and sst 4 
(SRIF 2A and srif 2B ). Receptors of the SRIFi group bind 
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Somatostatin. Table 1 Somatostatin effects in different tissues (Data adapted from [1, 2]) 


Site 

Effects 

Hypothalamus 

Inhibition of norepinephrine, GHRH, TRH and CRH release 


Inhibition of endogenous SST release 


Effects on leptin signalling 

Other brain regions 

Effects on cognitive, locomotor, sensory and autonomic 
functions, analgesic effects 


Inhibition of dopamine release from the midbrain 


Stimulation of dopamine release in basal ganglia 

Pituitary 

Inhibition of basal and stimulated release of GH 


Inhibition of TSH release 


No effects on LH, FSH release 


No effect on ACTH release in normal subjects, but suppresses 
elevated levels in Addison’s disease and in ACTH producing 
tumours 


No effect on prolactin release in normal subjects, but diminishes 
increased prolactin levels in acromegaly 

Gastrointestinal tract 

Inhibition of most gut hormones, gastric acid, pepsin, bile and 
colonic fluid secretion 


Suppression of motor activity in general, inhibition of gallbladder 
contraction, gastric emptying 


Stimulation of migrating motor complex activity 

Thyroid 

inhibition of TSH-stimulated T4 and T3 release 


Inhibition of calcitonin secretion from thyroid parafollicular cells 

Adrenal 

Inhibition of angiotensin II stimulated aldosterone release 


Inhibition of acetylcholine stimulated medullary catecholamine 
release 

Kidney 

Inhibition of hypovolemia stimulated renin secretion 


Inhibition of ADH-mediated water absorption 

Immune cells 

Diminishing IFN-y secretion from lymphocytes 

Lymphocytes, inflammatory cells, intestinal mucosal 
cells, cartilage cells and bone precursor cells 

Inhibition of proliferation 

Other tissues/cells 

Inhibition of growth factor (IGF 1, EGF, PDGF)and cytokine (IL6, 
IFN-y) secretion 


seglitide and octreotide with high (sst 2 and sst 5 ) to 
moderate (sst 3 ) affinity while members of the SRIF 2 
group are insensitive to these compounds. 

All six receptors seem to couple to ►pertussis toxin- 
sensitive ► G proteins of the Gi/Go type [1]. Depending 
on the sst subtype, cell type, and species different 
G-proteins couple the individual receptor isoforms 
to various second-messenger systems which include 
► adenylyl cyclase, K + and Ca 2+ channels, Na + /H + ex¬ 
changer, ►phospholipase C, phospholipase A2, mitogen 
activated protein kinase, serine-threonine phosphatase, 
and phosphotyrosine phosphatase (Table 2). The fact that 
sst subtypes share transduction mechanisms, bind their 
endogenous ligands with nanomolar affinities, and that 
more than one receptor isoform can be expressed in a 
single cell, might indicate a functional interaction 
between the different receptor isoforms. In this respect 


it should be noted that heterodimerisation of sst subtypes 
has been reported. 

Physiological functions for sst subtypes have not yet 
been unequivocally recognised. It appears, however, 
that sst 2 predominantly mediates inhibition of glucagon 
release from pancreatic alpha-cells whereas ss^ and sst 5 
seem to be important regulators of insulin secretion and 
glucose regulation. For example, ssti or sst 5 knockout 
mice develop diabetes, and double-gene ablation of 
both receptors results in a distinct phenotype with 
hyperinsulinemia, islet cell hyperplasia and improved 
glucose tolerance. Furthermore, it is thought that sst 2 
contributes to the regulation of gastric acid release and 
that ssti, sst 2 and sst 5 inhibit hormone-stimulated and/or 
basal level secretion of GH secretion from the pituitary 
[1, 2]. Knockout mice have also helped to elucidate a 
role for ssti and sst 2 receptors in retinal functions [5]. 































1150 Somatostatin 


Somatostatin. Table 2 Properties of sst subtypes (Data are adapted from [1, 2]) 


Receptor type 

sst 1 /SRIF 2A 

sst 2 /SRIF 1A 

sst 3 /srif 1c 

sst 4 /srif 2B 

sstj/SRIFiB 

Chromosomal 

localisation 

14q 13 

17q24 

22p13.1 

20p11.2 

16p13.3 

Length of hu¬ 
man receptor 

391 aa 

369 aa (sst 2 A) 

418 aa 

388 aa 

364 aa 



356 aa (sst 2B ) 




Transduction 

mechanism 

Inhibition of 
adenylyl cyclase; 
stimulation of 
tyrosine phospha¬ 
tase activity; stim¬ 
ulation of MAP 
kinase activity; ac¬ 
tivation of ERK; 
inhibition of Ca 2+ 
channel activa¬ 
tion; stimulation of 
Na + /H + exchang¬ 
er; stimulation of 
AMPA/kainate 
glutamate 
channels 

Inhibition of 
forskolin-stimulated 
adenylyl cyclase; 
activation of phos- 
phoinositide metab¬ 
olism; stimulation of 
tyrosine phospha¬ 
tase activity; inhibi¬ 
tion of Ca 2+ channel 
activation; activation 
of K + channel; 
inhibition of AMPA/ 
kainate glutamate 
channels; inhibition 
of MAP kinase 
activity; inhibition 
of ERK; stimulation 
ofSHP-1 and SHP-2 

Inhibition of 
adenylyl cyclase; 
stimulation of 
phosphoinositide 
metabolism; 
stimulation of 
tyrosine phospha¬ 
tase; activation of 
K + channel; inhibi¬ 
tion/stimulation of 

MAP kinase 
activity; induction 
of p53 and Bax 

Inhibition of 
adenylyl cyclase; 
stimulation of MAP 
kinase; stimulation 
of p38; activation 
of tyrosine 
phosphatase; 
stimulation of K + 
channels and 
phospholipase A 2 

Inhibition of 
adenylyl cyclase; 
activation/ 
inhibition of 
phosphoinositide 
metabolism; 
inhibition of Ca 2+ 
influx; activation of 
K + channels; 
inhibition of MAP 
kinase; stimulation 
of tyrosine 
phosphatase 


Somatostatin Related Peptides 

Natural binding partners of all sst subtypes cloned 
to date are somatostatin-14 and somatostatin-28, 
which are bound with nanomolar affinity. ssti_ 4 bind 
somatostatin-14 with comparable affinities, while sst 5 
may have a slight preference for somatostatin-28. Corti- 
statin, a recently discovered closely related peptide, also 
binds sst subtypes with high affinity in vitro. Initially it 
was thought that it is mainly restricted to the cerebral 
cortex and the hippocampus, but recent studies have 
shown that cortistatin mRNA can also be obtained from 
peripheral tissues and tumour cells. Cortistatin shows 
functional characteristics that have not been demon¬ 
strated for somatostatin, such as sleep modulating 
properties. So far a cognate cortistatin receptor has 
not been identified, although an orphan receptor called 
MrgX2 has been shown to bind cortistatin, but not 
somatostatin, with high affinity in vitro. However, 
the MrgX2 mRNA expression pattern is not entirely 
consistent with the pattern expected for a cortistatin 
receptor. In addition, cortistatin binds to the ghrelin 
receptor GHSRla with similar affinity than ghrelin [1]. 

Drugs 

The diverse effects of somatostatin, such as inhibition 
of cell proliferation and hormone release, led to the 
suggestion that it could be used for the treatment of 
various diseases. However, its short plasma half-life 
(less than 3 min) and its relative low receptor subtype 


selectivity make it less useful for therapeutic purposes. 
Therefore, several synthetic analogues (Table 3) with 
a higher stability to enzymatic degradation and a 
higher selectivity for specific sst subtypes have been 
synthesised. The synthetic peptide analogues have a 
decisive amino acid motif in common, since pharmaco¬ 
logical studies have shown, that the amino acid residues 
7-10 (Phe 7 -Trp 8 -Lys 9 -Thr 10 ) of somatostatin are the 
responsible segment for receptor binding. In particular 
Trp 8 and Lys 9 are essential, while the remaining two 
amino acids may be replaced. Phe 7 can be exchanged 
with tyrosine and Thr 10 can be substituted by serine or 
valine. To date, only a few potential antagonists, such as 
cyanamid 154806, sst 3 -ODN-8 and BIM-23056 are 
available, which preferentially bind to human sst 2 , sst 3 
and sst 5; respectively [1, 2, 4]. 

Today three analogues, octreotide, lanreotide and 
vapreotide are clinically used. All three substances 
display high affinity for sst 2 and sst 5 . Already in the 
1980s octreotide was used in the therapy of acromegaly 
and other neuroendocrine tumours. Acromegaly is a 
chronic disease of growth hormone (GH) hypersecretion 
and in most cases is caused by a pituitary adenoma. 
Somatostatin analogues have been shown to improve the 
clinical symptoms of acromegaly, for example gigantism 
in children, disfigurements of the hands, feet and the face 
in adults, headache and perspiration. Moreover, tumour 
shrinkage has been observed in about 50% of the patients, 
even though the tumour size reduction is reversible. The 
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Somatostatin. Table 3 Selected somatostatin analogues 


sst Subtype ligands and 
analogues 

Binding properties 

Endogenous Ligands 

Somatostatin-14 

Binding to all sst subtypes with high affinity 

Somatostatin-28 

Binding to all sst subtypes with high affinity, but slightly higher preference for sst 5 

Human cortistatin-17 

Binding to sst 2 5 with high affinity, slightly lower preference for sst-i 

Rat cortistatin-29 

Binding to sst 3 with high affinity, slightly lower preference for sst^ sst 4 and sst 2 , and lower 
preference for sst 5 (i.e. ~100-fold lower than that of somatostatin-14) 

Synthetic peptide analogues 

Octreotide (SMS201-995) 

Binding to sst 2 with high affinity, slightly lower affinity to sst 5 and sst 3 

Vapreotide (RC-160) 

Binding to sst 5 and sst 2 with high affinity, moderate affinity for sst 3 and sst 4 

Lanreotide (BIM23014) 

Binding to sst 2 and sst 5 with high affinity, moderate affinity for sst 3 (and sst 4 ). 

Seglitide (MK678) 

Binding to sst 2 and sst 5 with high affinity, moderate affinity for sst 3 

BIM23268 

Binding to sst 5 with high affinity, slightly lower preference for sst 2 , sst 4 and sst^ moderate 
affinity for sst 3 

NC8-12 

Binding to sst 3 and sst 2 with very high affinity 

BIM23197 

Binding to sst 2 and sst 5 with high affinity, moderate affinity for sst 3 

CH275 

Binding to sst 1 and sst 4 with high affinity 

SOM230 

Binding to sst-i, sst 2 , sst 3 and sst 5 with high affinity, lower affinity to sst 4 

Nonpeptide agonists 

L-797,591 

Binding to sst 1 and sst 2 with high affinity 

L-779,976 

Binding to sst 2 with very high affinity 

L-796,778 

Binding to sst 3 with moderate affinity. 

L-803,087 

Binding to sst 4 with high affinity 

L-817,818 

Binding to sst 5 with high affinity, with slightly lower affinity to sst|, moderate affinities for sst 2 , 
sst 3 and sst 4 

Radioligands 

123 1 -Ty r 3 -octreotid e 

Binding to sst 2 and sst 5 with high affinity, lower affinity to sst 3 

111 ln-DTPA- D Phe 1 - 

octreotide 3 

Binding to sst 2 and sst 5 with high affinity, lower affinity to sst 3 

111 ln/ 90 Y-DOTA-lanreotide b 

Binding to sst 2 , sst 3 , sst 4 and sst 5 with high affinity, lower affinity to sst 1 

111 ln-DOTA- D Phe 1 -Tyr 3 -oc- 
treotide 

Binding to sst 2 and sst 5 with high affinity, lower affinity to sst 3 

" m Te-depreotide 

Binding to sst 2 , sst 3 and sst 5 with high affinity 

111 1 n-DTPA-Tyr 3 -octreotate 

Binding to sst 2 and sst 5 with high affinity 

Antagonists 

BIM23056 

sst 5 Selective 

sst 3 -ODN-8 

sst 3 Selective 

Cyanamid 154806 

sst 2 Selective 

BIM23627 

sst 2 Selective 

Dopastatins 

BIM23A387 

Binding to sst 2 and dopamine receptor D2DR with high affinity 

BIM23A761 

Binding to sst 2i sst 5 and dopamine receptor D2DR with high affinity 

BIM23A765 

Binding to sst 2i sst 5 and dopamine receptor D2DR with high affinity 


Data are adapted from [1-4]. 

a DTPA, diethylenetriaminepentaacetic acid. 

b DOTA, 1,4,7,10-tetraazacyclododecane-N,N',N',N'-tetraacetic acid. 
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decreased tumour volume is presumably caused by a 
shrinkage of individual tumour cells. Recently, sustained 
release formulations of octreotide and lanreotide have 
been developed. These new dmgs are administered by 
intramuscular injections only every 7-28 days making 
life of patients easier, who need a long-term therapy. 
Furthermore, a novel sst analogue named SOM230 [4] 
that binds to ssti_ 3 and sst 5 with high affinity has been 
tested in a first trial in 12 acromegalic patients. The study 
showed that SOM230 was more effective in suppressing 
GH concentrations than octreotide. Thus, results of larger 
ongoing clinical trails testing this promising analogue are 
eagerly awaited. 

Octreotide treatment achieves also good results in 
patients with insulinomas, gastrinomas, glucagonomas, 
►VIPomas and metastatic carcinoids expressing sst 2 
and sst 5 . Symptoms such as peptic ulceration, diar¬ 
rhoea, dehydration and necrolytic skin lesions rapidly 
improve giving the life of patients a higher quality. 
Despite the successful reduction of symptoms only in 
about 20% of the patients a tumour shrinkage was 
observed and, in contrast to acromegalic patients, most 
patients suffering from carcinoids became insensitive to 
octreotide therapy within weeks to months. The 
desensitisation might be explained by a downregulation 
of sst subtypes or more likely by an outgrowth of sst 
subtype-negative cell clones. 

Other tumours, such as ACTH-secreting pituitary 
adenomas, prolactinomas, pancreatic and prostate 
cancer, which express no or other sst subtypes than 
sst 2 and sst 5 are rather unresponsive to octreotide 
therapy. Therefore, the development of new sst- 
subtype-selective analogues is required. Transfer of 
genes encoding sst 2 or sst 5 into such tumour types might 
also be a strategy, since clinically used somatostatin 
analogues exert the majority of their antineoplastic 
effects via these receptor subtypes. Furthermore, stable 
transfection of human pancreatic cancer cell lines with 
human sst 2 cDNA resulted in a significant reduction of 
tumour cell growth, indicating that the loss of sst 2 
expression in pancreatic cancer could be responsible for 
the growth advantage of this kind of tumour [3, 4]. 

Somatostatin Receptor Scintigraphy and 
Receptor-Targeted Radiotherapy 

Radiolabelled somatostatin analogues, such as m In- 
DTPA-oPhe 1 -octreotide or m In-DOTA-lanreotide are 
employed for somatostatin receptor scintigraphy (SRS), 
an imaging technique which nowadays is used in many 
hospitals to visualise sst subtype positive tumours 
in vivo. The high sensitivity of this method can be 
explained by an accumulation of radioligands within 
the tumours, which is presumably caused by the 
internalisation of the agonist-receptor complex [3]. 
Many human tumours seem to contain high mRNA 
levels for specific sst subtypes. For example, sst 2 is the 


predominant isoform expressed by neuroendocrine 
tumours, whereas intestinal adenocarcinomas mostly 
contain sst 3 and sst 4 . Therefore, in particular U1 ln- 
DOTA-lanreotide is a very suitable tool for the 
detection of a wide range of tumours, since it binds 
not only sst 2 and sst 5 with high affinity but also sst 3 and 
sst 4 and to a lesser extent ssf. 

Furthermore, some of these radioligands have been 
used in first trials of receptor-targeted radiotherapy. 
Although m In is not the most favourable substance for 
radiotherapy, large amounts of 111 In-DTPA- D Phe 1 -oc¬ 
treotide were used for the treatment of patients suffering 
from neuroendocrine tumours. In a patient with an 
inoperable metastasised glucagonoma treatment with 
111 In-DTPA- D Phe 1 -octreotide led to a small but signifi¬ 
cant reduction of tumour size and transiently lowered 
plasma glucagon levels [3]. Two further analogues, 90 Y- 
DOTA-lanreotide and 90 Y-DOTA- d Phe^Tyr 3 -octreo¬ 
tide, have also been tested for tumour therapy. In a phase 
II study investigating more than 60 tumour patients 
treated with 90 Y-DOTA-lanreotide about 35% of the 
patients showed a stabilisation of tumour growth and in 
15% of the cases a tumour regression was observed. 
However, clinical long-term trials are still needed to 
evaluate the therapeutic effectiveness of somatostatin 
analogues in cancer treatment. 
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los 


Synonyms 

Son of seven less 

Definition 

A nucleotide exchange factor that activates Ras in 
response to external cues such as growth factors. 
Localizes to activated receptors, which contain intrinsic 
tyrosine kinases, through its interaction with the adaptor 
protein Grb-2. 

►Adaptor Proteins 


Spermidine 


Spermidine is one of the most common natural poly¬ 
amines with the following structure: NH 2 (CH 2 ) 3 
NH(CH 2 ) 4 NH 2 . 

Chemical names: 

N-(3-aminopropyl)butane-1,4-diamine 
N-3-aminopropyl-1,4-diaminobutane 

► Inwardly Rectifying K + Channels 
►Polyamines 


Spermine 


Spermine is one of the most common natural poly¬ 
amines in eukaryotes with the following structure: 
NH 2 (CH 2 ) 3 NH(CH 2 ) 4 NH(CH 2 ) 3 NH 2 . 

Chemical names: 

N,N'-bis(3-aminopropyl)butane-1,4-diamine 
Bis(N-3-aminopropyl)-1,4-diaminobutane 

► Inwardly Rectifying K Channels 
►Polyamines 


1 Sphingosine Kinases 


Sphingosine kinases (SphKs) catalyse the phosphory¬ 
lation of sphingosine to sphingosine-1 -phosphate (SIP). 


Until now, two mammalian isoforms of SphK, SphKl 
(43 kDa) and SphK2 (65 kDa) have been identified. 
Their catalytic domain is homologous to that of 
diacylglycerol kinases. SphKl and SphK2 have distinct 
kinetic properties and are differentially expressed. 
SphKl promotes cell growth and protects from 
apoptosis. It is upregulated in tumour cells and has 
features of an oncogene. SphK2, in contrast, mediates 
apoptosis. Deficiency of either SphKl or SphK2 in 
mice does not cause obvious abnormalities, while 
double knockout mice die during embryogenesis. These 
data suggest that despite opposing functions the two 
sphingosine kinase isoenzymes can substitute for each 
other. SphK activity is regulated both transcriptionally 
and post-transcriptionally by GPCRs, receptor tyrosine 
kinases, cytokine and antigen receptors. However, 
SphKl has a high basal activity and is probably mainly 
regulated by control of its subcellular localization. 
Several stimuli induce a rapid translocation of SphKl 
from the cytosol to the plasma membrane. SIP that is 
formed in close vicinity to the membrane can then be 
extruded and act on SIP-GPCRs, a process named 
“inside-out signalling”. Examples are NGF-induced 
neurite extension in dorsal root ganglion cells (via SIPi 
and S1P 5 ) and antigen-induced degranulation of mast 
cells (via S1P 2 ). Another model suggests receptor 
signalling platforms rather than autocrine activation of 
S1P-GPCR, for example in platelet-derived growth 
factor-induced migration. Other stimuli, such as 
phosphatidic acid, induce a translocation of SphKl to 
intracellular sites, supporting the view that SIP can also 
act as an intracellular mediator. Both SphKl and SphK2 
furthermore occur in the nucleus. 

► Lysophospholipids 


Sphingosine- 1-phosphate 


Sphingosine-1-phosphate (SIP) is a versatile bioactive 
lipid which can act as first and second messenger. 
Extracellular SIP is a lysophospholipid mediator and 
activates specific G-protein-coupled receptors (see: 
lysophospholipids). On the other hand, stimulation of 
many cells with diverse agonists causes a rapid and 
transient increase in intracellular SIP formation, and 
inhibition of this SIP formation by sphingosine kinase 
inhibitors abrogates agonist-induced Ca 2+ mobilization. 
Approaches such as microinjection of SIP, or photoly¬ 
sis of caged SIP, support the hypothesis that intracellu¬ 
lar SIP mediates mobilization of Ca 2+ from intracellular 
stores. The sphingosine kinase/SIP signal transduction 
pathway may thus be a Ca 2+ mobilization pathway in 
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addition to the well-characterized phospholipase C/ 
inositol-1,4,5-trisphosphate pathway, however, intracel¬ 
lular target sites of SIP have not been identified so far. 

► Lysophospholipids 


' Sphingosylphosphorylcholine 


Synonyms 

SPC 

Definition 

Signaling phospholipid derived from sphingomyelin by 
phospholipase action. Activates SIP receptors. 

►Proton-Sensing GPCRs 


' Spike-ins 


Spike-ins are usually RNA transcripts used to calibrate 
measurements in a DNA microarray experiment. Each 
spike-in is designed to hybridize with a specific control 
probe on the target array. Manufacturers of commer¬ 
cially available microarrays typically offer companion 
RNA spike-ins ‘kits’. Known amounts of RNA spike- 
ins are mixed with the experiment sample during 
preparation. Subsequently the measured degree of 
hybridization between the spike-ins and the control 
probes is used to normalize the hybridization measure¬ 
ments of the sample RNA. 

► Gene Expression Analysis and Microarray Technology 


' Spindle Assembly Checkpoint 


A signal transduction pathway required for proper 
chromosome alignment during mitosis. The spindle 
assembly checkpoint is activated during mitosis in 
response to the presence of chromosomes that are not 
attached to spindle microtubules or that are not properly 
aligned at the metaphase plate. The spindle checkpoint 


is turned off when all chromosomes are attached to 
microtubules and when a tension across kinetochores 
has been generated. The spindle checkpoint is essential 
for maintaining chromosomal stability. 

► Cell Cycle Control 


' Splice Variant 


A splice variant can arise when a gene contains at least 
two introns leading to the possibility that the DNA 
between them (an exon) may not be included in the final 
mRNA and protein product. Thus, the final protein 
product may exist in two forms: one containing the 
amino-acid sequence encoded by the exon that is 
located between the introns in the original DNA, and 
another form in which the amino-acid sequence 
encoded by that exon has been ‘spliced out’. These 
two products are referred to as splice variants. 


' Splicing 


Splicing is a processing step of the pre-mRNA to 
become a mature transcript. This involves the excision 
of intervening noncoding sequences (introns) from 
coding sequences (exons) by a multiple protein 
complex, the spliceosome. After splicing the mRNA 
molecule is ready for translation, since it contains a 
continuous sequence that encode an entire protein. 

► Transcriptional Regulation 


' Sporotrichosis 


Sporotrichosis is the fungal disease caused by Sporotrix 
schenckii and involves the lymphatic and subcutaneous 
tissues. The lesions spread via the lymphatics from the 
original wound and form nodules or pustules that 
quickly ulcerate. Dissemination is rare. 

►Antifungal Drugs 
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' SPRM 


r 


Src-homology 3 Domain 


► Selective Progesterone Receptor Modulators 


r 


SR 


The Src homology 3 domain is a 60 amino acid long 
domain that binds to proline-rich sequences, thereby 
enabling protein-protein interactions. 

► Growth Factors 


► Sarcoplasmatic Reticulum ^_ 

Src Kinase 


' Src Gene 


The c-src gene encodes the non-receptor tyrosine 
kinase pp60 c_src that is involved in signal transduction. 
The pp60 c_src protein consists of a tyrosine kinase 
domain, a src homology 2 (SH2) domain that can bind 
to receptor tyrosine kinases, and a src homology 3 
(SH3) domain that binds to proline rich sequences. The 
viral homolog of c-src, v-src, from the Rous sarcoma 
virus is a potent oncogene. 

► Tyrosin Kinases 


Synonyms 

Sarcoma Kinase 

Definition 

The first tyrosine kinase discovered. A mammalian 
homologue of a viral protein that causes sarcoma. 
Important for cell-cell signaling and cell growth. The 
c-src gene encodes the non-receptor tyrosine kinase 
pp60 c_src that is involved in signal transduction. 
The pp60 c_src protein consists of a tyrosine kinase 
domain, a src homology 2 (SH2) domain that can bind 
to receptor tyrosine kinases, and a src homology 3 
(SH3) domain that binds to proline rich sequences. The 
viral homolog of c-src, v-src, from the Rous sarcoma 
virus is a potent oncogene. 


r 


Src-homology 2 Domain 


►Adaptor Proteins 
►Tyrosin Kinases 


The Src-homology 2 (SH2) domain is a protein domain 
of roughly 100 amino acids found in many signaling 
molecules. It binds to phosphorylated tyrosines, in 
particular peptide sequences on activated receptor 
tyrosine kinases or docking proteins. By recognizing 
specific phosphorylated tyrosines, these small domains 
serve as modules that enable the proteins that contain 
them to bind to activated receptor tyrosine kinases or 
other intracellular signaling proteins that have been 
transiently phosphorylated on tyrosines. 

►PTB Domain 
►Adaptor Proteins 

►Phosphotyrosine-Binding (PTB) Domain 
►Molecular Modeling 
► Tyrosine Kinases 


'SRP 


► Signal Recognition Particle 


' SSRIs 


► Selective Serotonin Reuptake Inhibitors 

► Serotoninergic System 


s 
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' SST14 


► Somatostatin 


' SST28 


► Somatostatin 


STAT 


Signal /ransducers and activators of transcription consti¬ 
tute a highly conserved family of proteins with the dual 
function of transducing signals from the cell surface into 
the nucleus as well as activating transcription of target 
genes. They convert extracellular stimuli into a wide 
range of appropriate cellular processes, such as immune 
response, antiviral protection, and proliferation. 

► JAK-STAT-Pathway 


' State-dependent Block 


State-dependent block describes the binding of a drug 
to a certain state of an ionic channel. Thus, the fast 
Na + channel switches between a resting and open and 
inactivated states, the latter being the state to which 
antiarrhythmic drugs like lidocaine bind. 

►Antiarrhythmic Drugs 


' Statins 


A class of cholesterol lowering drugs that inhibit 
3-hydroxy-3-methylglutaryl-CoA reductase, the rate- 
limiting enzyme step in cholesterol biosynthesis. 

►HMG-CoA-Reductase Inhibitors 


' Status Asthmaticus 


An acute and life-threatening exacerbation of asthma 
that does not respond to standard treatments of 
bronchodilators and corticosteroids. 

►Bronchial Asthma 


' Steroid Receptors 


Steroid receptors belong to the nuclear receptor 
superfamily and bind steroid hormones. They are 
cytoplasmic when inactive and associated with chaper¬ 
ones. 

► Sex Steroid Receptors: Androgen Receptor, Estrogen 
Receptors, Progesterone Receptor 

► Gluco-mineralcorticoid Receptors 


' Steroids 


Steroids are a group of natural substances which 
share a common basic structure consisting of four 
condensed rings (sterane). Cholesterol is the precursor 
for the group of steroid hormones which are mainly 
formed in the adrenal medulla and in the gonads, 
including androgens, progesterone and estrogens as 
well as the mineralocorticoids. Steroid Hormons are 
lipophilic substances which bind to intracellular 
receptors. Other important steroids include the bile 
acids and the D-vitamins. Many related substances are 
found in plants, often present as glycosides. An 
important example of plant steroids are the cardiac 
glycosides. 

► Contraceptives 

► Gluco-mineralcorticoid Receptor 

► Sex Steroid Receptors: Androgen Receptor, Estrogen 
Receptors, Progesterone Receptor 

► Glucocorticoids 











Sterol Transporters 1157 


1 Sterol Transporters 


Gerd Schmitz 

Institute of Clinical Chemistry and Laboratory 
Medicine, University of Regensburg, Regensburg 
Germany 


Definition 

Transport of sterols, in particular reverse cholesterol 
transport, plays a central role in the pathogenesis of 
atherosclerosis. In addition to almost inefficient passive 
diffusion, sterol transport to various acceptors is 
mediated by membrane-bound energy-dependent trans¬ 
porters. The so far best characterized transporters 
belong to the family of ATP-binding cassette (ABC) 
transporters (►ATP-binding cassette transporter 
superfamily) of which ABCA1, ABCG1, and ABCG5 
and ABCG8 are well-known sterol transporters. 
Moreover, two further members of this family, ABCA7 
and ABCB1 have been implicated to sterol transport. 

Basic Characteristics 

ABC-transporters are multispan membrane proteins 
that mediate the active uptake or efflux of specific 
substrates across various biological membrane systems. 
A functional ABC-transporter protein usually consists 
of two transmembrane domains and two ABCs. These 
cassettes consist of a Walker A and a Walker B motif, 
short conserved peptides, which are required for 
ATP binding. Between the two Walker motifs an 
additional element, the signature motif is localized, 
which is characteristic for each ABC subfamily. 
Genes of the ABC-transporter family either encode 
for full size transporter including already the two 
transmembrane domains and the two ABCs or, 
alternatively, encode for so called half-size transporters 
which have to assemble to homo- or heterodimers to 
constitute a fully functional transporter. The final 
localization of the full-size transporter is the plasma 
membrane, however, due to vesicular trafficking 
processes, they can also be found intracellularly. 
Depending on their mode of action ABC-transporters 
can be split into two different sections. The active 
transporters or pumps couple the hydrolysis of ATP and 
the resulting free energy to movement of molecules 
across membranes against a chemical concentration 
gradient. In contrast several other ABC proteins show 
nucleotide binding and a subsequent conformational 
change but very low ATP hydrolysis including ABCA1. 
To date, 48 human ABC-transporters, which are 
subdivided into seven subfamilies, have been identified 
and many of these proteins exert their biological 
activities in lipid metabolism and are themselves 


regulated by lipids including phospholipids, sterols, 
and fatty acids. 

ABCA1 

ABCA1 is the founding member of the ABC A-family 
and is still under extensive investigation. The ABCA1 
gene encodes a full size transporter and consists of 
50 exons located on chromosome 9q31. The predominant 
role of ABCA1 is the regulation of cellular ►cholesterol 
and phospholipid efflux to cholesterol acceptors such as 
high-density lipoproteins (HDL) and lipid-poor apolipo- 
proteins. This process may be indirect and ATP- 
dependent. ABCA1 expression is found in a variety of 
human organs such as placenta, liver, intestine (Fig 1), 
lung, and adrenal glands with very high expression levels 
in cholesterol loaded macrophages. The cholesterol 
induced transcription of ABCA1 is primarily mediated 
by the activation of the nuclear hormone receptor 
heterodimer liver X receptor (LXR) (►nuclear receptors) 
with oxysterols as naturally occurring ligand and retinoid 
X receptor RXR. In addition, ABCA1 expression is 
induced indirectly via LXR induction by peroxisome 
proliferator activated receptor y (►PPARy) (PPARs). The 
ABCA1 promoter is further stimulated by the ubiquitous 
transcription factor Spl and the hypoxia-induced factor 1 
(HIF1). Shutdown of ABCA1 expression in the absence 
of sterol or in certain tissues is mediated by corepressor 
complexes involving unliganded LXR, SREBP2, Sp3, 
and the SCAN-domain zinc finger transcription factor 
ZNF202, which also impacts nuclear signaling. 

Mutations of the human ABCA1 gene are the direct 
cause of HDL-deficiency syndromes such as Tangier 
disease. In these patients the most striking feature is 
the almost complete absence of plasma HDL with low 
serum cholesterol levels and significantly reduced 
cellular efflux of cholesterol and phospholipids. 
The very low levels of plasma HDL observed in these 
patients are mainly caused by an enhanced catabolism 
of HDL precursors. The patients have high risk of 
premature atherosclerosis and coronary artery disease. 
Furthermore, these patients display accumulation of 
cholesteryl esters in the cells of the reticuloendothelial 
system resulting in splenomegaly and enlargement of 
lymph nodes and tonsils. 

ABCA7 

Based on experimental data the full-length transporter 
ABCA7 has been implicated in the cellular efflux of 
serine containing lipids such as phosphatidyserine and 
ceramide and maybe cholesterol. Novel data also 
demonstrate a role for ABCA7 in phagocytosis. Since 
ABCA7 knockout animals also display gender- 
dependent reduction in serum cholesterol levels as 
well as in visceral fat, strong evidence suggests a 
significant role for ABCA7 in sterol transport. The 
human ABCA 7 gene consists of 46 exons and, due to 
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Sterol Transporters. Figure 1 Proposed role of ABC proteins in intestinal sterol metabolism. ABCG 5, ABCG8 
and ABCA1 are sterol-induced members of the ABC-transporter family. ABCG5 and ABCG8 mediate the export of 
plant sterols and cholesterol into the gut lumen. In contrast, ABCA1 expression and function are required for the 
uptake of sterols into intestinal epithelial cells. Implications for intracellular location and vesicular trafficking of 
these proteins are presented. Abbreviations not defined in the text: CE, cholesteryl ester; DAG, diacylglyceride; 
DGAT, acyl-CoA: diacylglycerol transferase, HSP70, heat shock protein 70; L, lysosome; MAG, monoacylglyceride; 
Mic, micelle; MTP, microsomal transfer protein; Sit, sitosterol (adapted from Schmitz and Langmann, 2003 [5]). 


alternative splicing, two main ABCA7 isoforms, type I 
and type II, with distinct expression patterns do exist. 
While type I mRNA is higher expressed in brain and 
bone marrow, type II is predominantly found in spleen, 
thymus, lymph node, and trachea. The ABCA7 gene is 
located in close proximity to the gene for the minor 
histocompatibility antigen HA-1 on chromosome 
19pl3.3 in a head-to-tail array. Between both genes a 
functional and regulatory interlink might exist, which is 
especially interesting since ABCA7 has been shown to 
be regulated by sterols via SREBP2. In addition to its 
role in lipid metabolism ABCA7/HA-1 may be related 
to autoimmune disorders such as Sjogren’s syndrome. 

ABCB1 

ABCB1 (also called MDR1) has initially been described 
by its ability to confer a multidrug resistance phenotype 
to cancer cells upon chemotherapy. This full-size 


transporter is localized to the apical membrane of 
polarized cells (Fig 1) and the major sites of expression 
are found in liver, intestine, and the blood-brain barrier. 
One main physiological function of ABCB1 is the 
protection of cells by extruding lipophilic drugs. Indeed, 
ABCB 1 is a highly promiscuous transporter of a variety 
of hydrophobic drugs including vinblastine, colchi¬ 
cines, VP 16, and adriamycin. In addition, cholesterol 
and a number of different other lipids like phosphatidyl¬ 
choline, phosphatidylethanolamine, sphingomyelin, 
and glucosylceramide are substrates for ABCB1- 
mediated transport. In addition to its role in drug and 
lipid transport, ABCB1 has also been related to 
inflammatory processes and immune response as well 
as to Alzheimer’s disease, since it is able to translocate, 
e.g., bioacitve lipids like platelet-activating factor and 
has been implicated in the in the efflux of brain 
p-amyloid protein. 
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ABCG1 

The half-size transporter ABCG1 reveals a strikingly 
similar expression and regulation pattern to ABCA1. 
Like ABCA1, ABCG1 is upregulated during the 
differentiation process of monocytes to mature macro¬ 
phages and is strongly induced by foam cell formation 
of these macrophages under sterol loading conditions, 
while cholesterol deloading of the cells with lipid 
acceptors such as ►HDL results in a downregulation of 
ABCG1 mRNA and protein expression. This regulation 
of ABCG1 exclusively occurs in human or murine 
monomyeloid cells, such as primary human macro¬ 
phages, THP-1 cells, RAW246.7 cells, or foam cells 
from atherosclerotic lesions. This sterol-sensitive 
induction of ABCG1 is independent of pro inflamma¬ 
tory stimuli and the oxidative state of the cell and is 
mediated by the LXR/RXR pathway. Similar to 
ABCA1, an additional inhibitory mechanism involving 
the transcription factor ZNF202 has been described. 
However, due to multiple alternative promoters tran¬ 
scriptional regulation of ABCG1 appears very complex 
and several different isoforms with obviously distinct 
tissue expression patterns do exist. Besides monomye¬ 
loid cells, ABCG1 is mainly expressed in spleen, 
thymus, lung, and brain. 

The function of ABCG1 in lipid transport is not 
fully understood so far. In contrast to ABCA1, ABCG1 
is not able to efflux lipids to lipid-poor lipoproteins, 
but requires more mature a-HDL subclasses as acceptor 
particles rather than pre-p-HDL or other lipid acceptors 
such as phosphatidylcholine vesicles. Since the activity 
of ABCA1 in lipidation of lipid-poor apolipoproteins 
is sufficient to generate an efficient acceptor for 
ABCG1-mediated cholesterol efflux, a tow-step 
model for ABCA1- and ABCGI-mediated cellular 
lipid efflux is proposed: Initially, ABCA1 may promote 
cholesterol and phospholipid efflux to lipid-poor Apo 
AI and ABCG1 subsequently promotes the efflux of 
additional cellular cholesterol to perform lipid-protein 
complexes. 

Although mutations of the human ABCG1 gene have 
not been described so far, data from ABCG1 knockout 
mice recently gave novel insights into ABCG1 function 
in vivo. Targeted disruption of the ABCG1 gene caused 
massive deposition of neutral lipids and phospholipids 
in liver, lungs, and tissue macrophages further support¬ 
ing a critical role of ABCG1 in lipid transport. 

ABCG5 and ABCG8 

In addition to the described lipid pathways mainly 
operative in macrophages, two further ABC-transporters, 
ABCG5 and ABCG8 have been implicated in the efflux 
of dietary sterols from intestinal cells back into the gut 
lumen and from liver to the bile duct (Fig 1). Both ABC- 
transporters form a functional heterodimer with highest 
expression levels in liver and intestine and are regulated 


by a common bidirectional promoter. Therefore, ABCG5 
and ABCG8 share common regulatory elements, in 
particular, the LXR/RXR heterodimer that mediates 
cholesterol-induced expression of both genes. Mutations 
in ABCG5 or ABCG8 lead to P-Sitosterolemia, also 
called phytosterolemia or shellfishsterolemia, a rare 
autosomal recessive disorder. The disease is characterized 
by enhanced trapping of cholesterol and other sterols, 
including plant and shellfish sterols, within the intestinal 
cells and the inability to concentrate these sterols in 
the bile. As a consequence, affected individuals have 
strongly increased levels of plant sterols, e.g., P-sitosterol, 
campesterol, sigmasterol, avenosterol, and 5a-saturated 
stanols, whereas total sterol levels remain normal or 
just moderately elevated. Patients mainly suffer from 
tendon and tuberous xanthomas at early age and 
premature development of atherosclerosis and coronary 
heart disease. 

In addition to the ABCG5/ABCG8 heterodimer, a 
specific transporter termed Niemann-Pick Cl like 1 
(NPC1L1) as well as aminopeptidase N (CD 13) were 
recently identified to play a critical role in intestinal 
absorption of cholesterol and plant sterols. Both genes 
are expressed predominantly in the gastrointestinal tract 
with peak expression levels in the small intestine. CD 13 
is localized in the brush border membrane and is the 
target of ezetimibe, a specific inhibitor of intestinal 
cholesterol absorption. Deep tubular invaginations 
connect CD 13 to the NPC1L1 pathway that controls 
downstream cholesterol trafficking by directing exoge¬ 
nous sterols toward the late endosome. Thereby, CD 13 
and NPC1L1 act as gatekeepers for absorption of 
cholesterol and plant sterols from the lumen of the small 
intestine. Sterols that have entered the intestinal cell can 
then be directly transported back to the gut lumen by the 
ABCG5/ABCG8 complex by means by a sort of kick- 
back mechanism. Although, the function of CD 13, 
NPC1L1 and ABCG5/ABCG8 is not fully understood, 
it is very likely that these proteins play a key role in the 
regulation of total cholesterol absorption. 

Drugs 

Although no drugs directly targeting the sterol 
transporters described above are available, the function 
of several lipid lowering drugs is associated with 
interaction with ABCA1. 

Adenosin A 2A receptor antagonists are novel drugs 
for the prevention and treatment of vascular and tissue 
injuries. The antiatherogenic effects of ►adenosin are at 
least partially mediated by an induction of ABCA1 ex¬ 
pression. The observed upregulation of ABCA1 
following A2A receptor ligation is mediated by 
cAMP/protein kinase A (PKA) potentially acting via 
phosphorylation of Spl and the ABCA1 promoter. 
Niacin is a further very potent drug in increasing HDL- 
cholesterol levels and lowering plasma low-density 
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lipoprotein (LDL) cholesterol and triglycerides which 
has a significant effect on cholesterol transport in 
macrophages. ►Niacin is able to upregulate LXR- 
mediated transcription of ABCA1 via an activation of 
transcription and nuclear translocation of PPARy as 
well as to increase cellular cAMP levels. It is very likely 
that niacin mediates its effects by affecting several key 
genes of reverse cholesterol transport which underlie 
nuclear receptor and PKA signaling, including ABCA1 
and ABCG1. 

In addition to Niacin, fibrates are very effective in 
raising HDL-cholesterol and lowering triglycerides. 
In particular efficacy of gemfibrozil and benzafibrate in 
reducing cardiovascular morbidity, mortality and pro¬ 
gression of atherosclerosis has been demonstrated. 
Fibrates are synthetic PPARa ligands, which impact 
HDL and triglyceride metabolism by regulating the 
expression of important genes in reverse cholesterol 
transport and fatty acid metabolism including ABCA1 
and ABCG1 as well as Apo AI, Apo All, Apo CIII, and 
lipoprotein lipase. 

► Ca 2+ channel blockers, such as verapamil, are 
known to exert potent antihypertensive, antiarrhythmic, 
and antiatherosclerotic effects. In some reports an 
increase in HDL-cholesterol was attributed to verapamil 
treatment which may be meditated by a verapamil- 
induced increase in ABCA1 expression that is indepen¬ 
dent of oxysterols and LXR, but may be caused by direct 
interaction of verapamil with the ABCA1 promoter. 
Ezetimibe is a novel selective cholesterol absorption 
inhibitor, which does not affect uptake of fatty acids, bile 
acids, fat soluble vitamins, or carotenoids. The molecu¬ 
lar target for ezetimibe is in the intestinal brush border 
membrane of CD13. In clinical trials with hypercholes- 
terolemic patients ezetimibe has been shown to be 
highly effective in inhibiting intestinal cholesterol 
absorption and reducing plasma LDL-cholesterol. 

► ATP-dependent K + Channel 
►Fatty Acid Transporters 
►Nuclear Receptors 
►Niacin 

► Ca 2+ Channel Blockers 
►PPARy 
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STIM 


An ER protein (though perhaps also expressed 
elsewhere) that senses the Ca 2+ content of the ER and 
thereby regulates store-operated Ca 2+ entry. 

►IP 3 Receptors 


' Stimulant Drugs 


► Psychostimulants 


' Store-operated Ca 2+ Entry 

A mechanism whereby depletion of intracellular Ca 2+ 
stores leads directly to activation of a Ca 2+ channel in 
the plasma membrane. 

►IP 3 Receptors 
► TRP Channels 


' Streptokinase 


It is a single-chain glycoprotein (47 kDa) produced by 
Streptococcus hemolyticus. Streptokinase is not an 
enzyme, but can form a complex with human 
plasminogen, and via a conformational change in the 
plasminogen an active center appears and functions as a 
plasminogen activator. The complex converts a neigh¬ 
boring free plasminogen to plasmin. 

►Fibrinolytics 
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Stress 


Stress is a physical or a psychological stimulus 
followed by catecholamine and glucocorticoid hor¬ 
mones release that may lead to mental or physiological 
reactions supporting survival in the short time range yet 
potentially causing consequent illness such as anxious 
(escape) or depressive (withdrawal) behaviour at a 
longer time range. 


1 Stress Proteins 


► Chaperones 


Structural Bioinformatics 


►Molecular Modeling 


Structural Genomics 


The genome projects produce an enormous amount of 
sequence data that needs to be annotated in terms of 
molecular structure and biological function. 

Structural genomics aims to use high-throughput 
structure determination and computational analysis to 
provide structures and/or 3D-models of every tractable 
protein. The intention is to determine as many protein 
structures as possible and to exploit the solved 
structures for the assignment of biological function to 
hypothetical proteins. 

► Bioinformatics 
►Molecular Modeling 


1 Strychnine 


The convulsant alkaloid strychnine from the Indian tree 
Strychnos nux vomica is highly toxic. Strychnine 


poisoning causes hyperreflexia, increased muscle 
tone, convulsions, and finally death. Strychnine binds 
to the inhibitory glycine receptor with high affinity 
(^ D ~10 nM), efficiently displacing the neurotransmit¬ 
ter glycine. Glycine-displaceable binding of [ 3 H] 
strychnine is a highly specific probe for the glycine 
receptor. 

►Glycine Receptors 


► Saxitoxin 


1 Substance K 


►Neurokinin A 

►Tachykinins 

►Neuroleptics 


' Substance P 


Substance P is a member of a group of polypeptides 
known as neurokinins or tachykinins. It is thought to be 
the primary neurotransmitter for the transfer of sensory 
information from the periphery to the spinal cord and 
brain. Substance P as well as neurokinin NKi receptors 
has been detected in vagal afferent neurons in the area 
postrema, nucleus tractus solitarius and dorsal motor 
nucleus of the vagus. Substance P has been shown to 
increase the firing rate of neurons in the area postrema 
and nucleus tractus solitarius and to produce retching 
when applied directly to these areas in animal studies. 

►Nociception 

►Tachykinins 

►NSAIDs 

►Non-steroidal Anti-inflammatory Drugs 
►NGF 

►Nerve Growth Factor 
►Neurotrophic Factors 
►Pain and Nociception 
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' Substance Use Disorders 


► Drug Addiction/Dependence 


' Substantia Gelatinosa 


The substantia gelatinosa is part of the dorsal horn of 
the spinal cord, also called “lamina II”. The substan¬ 
tia gelatinosa is made up almost exclusively of inter¬ 
neurons (both excitatory and inhibitory), some of 
which respond only to nociceptive inputs, while others 
respond also to non-noxious stimuli. 

►Nociception 


' Substantia Nigra 


►Nigrostriatal Tract/Pathway 
►Anti-Parkinson Drugs 


Sulfonylurea Receptor 


Synonyms 

SUR 

Definition 

Regulatory subunit of the ATP-dependent potassium 
channel. Forms heterodimers with the channel subunit Kir 
6.2; the channel is presumably composed of 4 SUR/Kir 
6.2 heterodimers. Two isotypes, SUR1 and SUR2, and 
two splicing variants, SUR2A and SUR2B, have been 
identified and characterized. SUR contains multiple 
transmembrane domains and two nucleotide binding 
folds. ATP and P-cytotropic agents bind to SUR1 and 
block the channel; ADP produces the opposite effect. 
Loss of SUR or of the whole channel results in 
spontaneous depolarization and loss of the effect of ADP. 

►Diabetes mellitus 
►ATP-dependent K + Channels 
►Antidiabetic Drugs Other than Insulin 


' Sulfonylureas 


Sulfonylureas are oral hypoglycemic drugs widely used 
in treatment of type2 diabetes. The first generation of 
sulfonylureas includes tolbutamide, acetohexamide, 
and chlorpropamide. The second includes glibencla- 
mide, gliclazide, and glimepiride, which are consider¬ 
ably more potent than the earlier agents. 

►ATP-dependent K + Channels 
►Antidiabetic Drugs Other than Insulin 


Sulfotransferase 


Sulfotransferases are a group of cytosolic enzymes, 
which catalyze the transfer of the sulfonate group from 
3'-phosphoadenosine-5'-phosphosulfate (PRPS) to an 
acceptor substrate to form either a sulfate or sulfonate 
conjugate. Sulfotransferases metabolize a variety of 
small lipophilic endobiotics (e.g. estrogen, corticoid, 
thyroxin) as well as a variety of xenobiotics. Genes of 
cytosolic sulfotransferases (SULT) have been identified 
and several genetic polymorphisms have been observed 
in human sulfotransferases, such as ST1A2, ST1 A3 and 
ST2A3. 


SUMO 


Small wbiquitin-like modifier represents a family of 
evolutionary conserved proteins that are distantly 
related in amino-acid sequence to ubiquitin, but share 
the same structural folding with ubiquitin proteins. 
SUMO proteins are covalently conjugated to protein 
substrates by an isopeptide bond through their carboxyl 
termini. SUMO addition to lysine residues of target 
proteins, termed SUMOylation, mediates post-transla- 
tional modification and requires a set of enzymes that 
are distinct from those that act on ubiquitin. SUMOyla¬ 
tion regulates the activity of a variety of target proteins 
including transcription factors. 

►PIAS Proteins 

► Ubiquitin/Proteasome 

► SUMOylation 










SUMOylation 1163 


' SUMOylation 


Ruth Geiss-Friedlander, Frauke Melchior 
Department of Biochemie I, Faculty of Medicine, 
University Goettingen, Goettingen, Germany 


Synonyms 

SUMOl (Small Ubiquitin-like modifier 1); Sentrin; 
SMT3C (suppressor of MIF2 mutations 3); GMP1 
(GAP-Modifiying Protein 1); Ubll (Ubiquitin-like 
protein 1); PIC1 (PML interacting protein 1) 

Definition 

► Small Ubiquitin-like modifier (SUMO) is a conserved 
protein that is ubiquitously expressed in eukaryotes and 
is essential for viability. It serves as a reversible 
posttranslational modifier by forming an ►isopeptide 
bond with lysine residues in many target proteins, in a 
catalytic process termed SUMOylation. SUMOylation 
of proteins results in altered inter- or intramolecular 
interactions of the modified target (Fig. 1). 


Cell cycle 


DNA damage Stress 



\ 


/ 


E1 t E2, +/- E3 




Isopeptidases 

Altered intra- or inter 
molecular interactions 


SUMOylation. Figure 1 SUMOylation is a reversible 
and regulated process. Target protein modification by 
SUMO can be initiated and terminated by different cues. 
Sumoylation leads to changes in the behavior of the 
modified protein, for example, different cellular 
localization, enhanced/reduced activity, or increased 
stability. These changes are due to alterations either in 
protein interactions or protein folding. 


on the target. The function of these chains is largly 
unknown. 


Basic Mechanisms 
The SUMO Family 

SUMO proteins belong to a family of posttranslational 
protein modifiers (Ubl for ubiquitin-like) of which 
ubiquitin is the founding member. Common to these 
proteins is the ubiquitin fold, an approximately 9 kDa 
globular core that consists of a ppappap fold, and a 
GlyGly motif at the C-terminus of the mature Ubl. Like 
all other Ubls, SUMO proteins are translated as 
precursors that are processed before they are conjugated 
to their targets (see below). A characteristic feature of 
the SUMO family is a flexible amino terminus of 15-25 
amino acids. The number of SUMO paralogs expressed 
in eukaryotic organisms varies from one (yeast) to eight 
(plants). 

The vertebrate genome encodes two subfamilies of 
SUMO proteins, the first consists of SUMOl, and the 
second includes SUM02, SUM03, and SUM04. The 
mature forms of SUM02 and SUM03 are 96% 
identical, but share only 45% identity with SUMOl. 
SUM04 shares 85% identity with SUM02 and -3; 
however, it is currently unclear whether this homolog is 
processed to a mature form and conjugated to 
substrates. SUMOl, -2, and -3 are expressed in all 
tissues, but vary in their cellular localization, target 
specificity, and function. While SUMOl is found 
mostly conjugated to substrates, SUM02/3 are found 
predominantly in the unconjugated form under normal 
growth conditions. Most targets are modified by 
attachment of one or a few single SUMO entities. In 
some cases, however, chains of SUM02/3 are formed 


The Enzymatic Process 

Proteins are conjugated to SUMO via an ►isopeptide 
bond formed between an exposed carboxy terminal 
glycine residue of SUMO and the s-amino group of a 
lysine residue of the target protein. In most cases, the 
modified lysines in target proteins are found in a 
consensus SUMOylation site: \j/KxE/D, in which \j/ is a 
large branched hydrophobic residue, and X is any 
amino acid. SUMOylation occurs if the motif is 
exposed and in an unstructured region. The reaction is 
carried out by at least two enzymes that act on all SUMO 
proteins: the El SUMO activating enzyme, a hetero¬ 
dimer consisting of Aosl (SAE1) andUba2 (SAE2), and 
the E2 enzyme also known as Ubc9 (Fig. 2). 

In the first step, the El enzyme activates SUMO in 
an ATP-dependent manner. This reaction generates a 
high-energy thiol ester intermediate between the glycine 
residue at the C-terminus of SUMO and the active site 
cysteine of Uba2. Subsequently, SUMO is transferred 
from the El to a cysteine in the active site of Ubc9. In 
some cases, Aosl/Uba2 and Ubc9 are sufficient to 
modify a target. This is the case, for example, for 
RanGAPl, which interacts with Ubc9 by virtue of two 
binding interfaces, the SUMO consensus motif and an 
additional interface at its C-terminus. Most targets 
interact with Ubc9 only via their SUMOylation site 
and can be sumoylated efficiently only in the presence 
of additional factors, so called ^E3 ligases. SUMO 
E3 ligases function by stabilizing the Ubc9-target 
interaction and/or by accelerating transfer rates. Three 
types of E3 enzymes are known to act in SUMOylation. 
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SUMOylation. Figure 2 SUMO enzymatic machinery. SUMO is translated as a precursor with a short C-terminal 
prosequence. SUMO specific isopeptidases (SENPs) remove this sequence to reveal a double Glycine motif in 
SUMO that is essential for conjugation. The El heterodimer Uba2/Aos1 activates SUMO in an ATP-dependent 
reaction by forming a thioester bond between the C-terminal Glycine in SUMO and the active site Cysteine of the El. 
SUMO is transferred from the El to the Cysteine of Ubc9. In most cases an E3 facilitates the transfer of SUMO from 
Ubc9 to the substrate (bold arrow). In rare cases Ubc9 can transfer SUMO directly to the substrate (broken arrow). 
As a result, a covalent bond is formed between the C-terminal Glycine of SUMO and a Lysine in the target protein. 
Finally, this modification can be reversed by SENPs. 


The first family of SUMO E3 ligases is present in all 
eukaryotic organisms and is characterized by a ►SP¬ 
RING finger domain that mediates the interactions of 
the SUMO E2 enzyme Ubc9 with the substrate. The SP¬ 
RING is related to RING finger domains found in most 
ubiquitin E3 ligases. The group of vertebrate SP-RING 
finger E3 ligases includes PIAS proteins (PIAS1, 
PIAS3, PIASxa, PIASxp, PIASy and Mms21. Interest¬ 
ingly, PIAS proteins (Protein inhibitor of activated 
STAT) were initially identified as proteins that interact 
with and inhibit the STAT transcription factors (signal 
tonsducer and activator of /ranscription), or modulate 
transcriptional activity of the androgen receptor 
(shown for PIASxa also known as ARIP3). The second 
SUMO E3 ligase family is apparently vertebrate 
specific. It consists of the nuclear pore protein 
RanBP2/Nup358 that faces the cytosolic side of the 
nuclear envelope. The minimal E3 ligase activity of 
RanBP2 was mapped to an unfolded area of 120 amino 
acids in its C-terminus that does not resemble other 
known E3 ligases. Other domains of RanBP2 serve as 
binding sites for nuclear transport factors. Whether 
SUMOylation and nucleocytoplasmic transport are 
coupled events remains to be seen. 

The third type of E3 ligases is represented by the 
polycomb protein 2 (Pc2), which was reported to 
enhance sumoylation of the substrate CtBP. N- and C- 
terminal domains in Pc2 that have been implicated in 
CtBP sumoylation do not resemble known E3 ligases. 
Like RanBP2, Pc2 expression is restricted to higher 
eukaryotes. 

Modification by SUMO is a reversible and often 
highly dynamic process. Cleavage of the isopeptide 
bond between SUMO and its targets is accomplished by 
SUMO specific ►cysteine proteases of the Ulp/SENP 
family (Fig. 2). Six members were identified in humans, 


SENP1-3, and SENP5-7. They all share a 30 kDa 
catalytic domain at their C-terminus, but differ greatly 
in size and sequence. SENP3, -5, and -7 reside in the 
nucleus, SENP1 appears to shuttle between the 
cytoplasm and nucleus, SENP2 is at the nuclear pore 
complex, facing the nucleoplasm, and SENP6 is in the 
cytoplasm. SUMO isopeptidases also differ in their 
specificity against different SUMO-proteins (e.g., 
SENP3 and -5 preferentially deconjugate SUM02/3) 
and may display selectivity toward modified targets. 
Due to these differences in activity and different 
localization, SENP proteases are believed to have 
distinct functions in vivo. 

In addition SENPs are required for maturation of 
SUMO precursors. SUMO proteins are translated as 
inactive precursors with a short C-terminal prosequence 
of variable length. This sequence needs to be removed 
to expose a double glycine motif at the C-terminus of 
SUMO that is required for conjugation. 

Molecular Consequences of SUMOylation 

What does SUMOylation do? The answer to this 
question is almost as long as the number of substrates to 
which SUMO is conjugated. Protein modification by 
SUMO can lead for example to altered localization, 
activity, or stability of the target proteins. Although 
downstream consequences of sumoylation are target 
specific and highly diverse, the general feature 
underlying all effects is a change in inter- or 
intramolecular interactions (Fig. 3) SUMOylation leads 
to such changes by masking binding sites, formation of 
a new binding interface, or by inducing conformational 
changes in protein structure. 

Masking of a site: Association between two pro¬ 
teins can be disrupted by SUMOylation, if the SUMO 
attachment site of a target protein overlaps with the 
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SUMOylation. Figure 3 SUMOylation affects 
protein-protein interaction, (a) Masking of an interaction 
site: The interaction between Target A and a second 
protein (interactor A) is hindered by SUMOylation, as the 
modification site is in close proximity to the interaction 
surface, (b) Formation of a novel site: Interacting protein 
B contains a weak binding site to Target B and a SUMO 
interacting motif (SIM). The association between Target 
B and interactor B is initiated/stabilized upon 
sumoylation of Target B, since it now involves two sites: a 
weak binding site and a SIM. (c) Change in structure: 
SUMOylation of Target C leads to changes in the 
conformation of the modified target due to intramolecular 
interactions of an internal SIM with the conjugated 
SUMO. 


interaction surface (Fig. 3a). This has been observed, 
for example, in modification of the ubiquitin E2 enzyme 
E2-25K with SUMO, which disrupts the association 
between E2-25K and the ubiquitin El enzyme. 

Formation of a novel binding site: novel complexes 
may be formed between a SUMOylated protein and an 
effector protein that contains a SUMO-interacting 
motif (SIM or SBM). Proteins that contain two binding 
sites, a SIM and a weak binding motif to protein X, will 
bind more strongly to this protein if it is SUMOylated 
(Fig. 3b). Short peptides that contain the hydrophobic 
core motif [V/I] -X-[V/I] - [V/I] or [V/I- [V/I] ] -X- [V/I] 
can act as a SIM and bind to SUMO. This core is often 
flanked by acidic amino acids and/or serine residues. 


NMR studies show that this motif forms a P strand that 
binds in parallel or antiparallel orientation to the p2 strand 
in SUMO. One example for a SIM-mediated interaction 
is the association of the SIM-containing protein Daxx 
with sumoylated forms of GR and PML. In addition, 
SIMs may also play a role in target modification: First, 
SIMs are found in many of the enzymes involved in 
SUMO conjugation such as the El subunit Uba2, Ubc9, 
RanBP2, and all PIAS E3 ligases; Second, some targets, 
such as the transcription corepressor Daxx, need a SIM to 
be efficiently SUMOylated. 

Changes in structure : SUMO modification can 
induce changes in structure if the target protein contains 
an internal SIM (Fig. 3c). This change was shown for 
the DNA excision repair enzyme thymine-DNA 
glycosylase (TDG): TDG binds to GU or GT 
mismatches and removes the mutated base. Subsequent 
sumoylation of DNA-bound TDG is necessary to 
release the enzyme from the AP site and allow for 
further repair. Crystallographic structural studies reveal 
that dissociation is due to a conformational change 
mediated by interaction of an internal SIM with 
covalently bound SUMO. Of note, conformational 
changes have not been observed in three sumoylated 
targets, RanGAPl, E2-25K, and Ets-1 that lack a SIM 
motif. Here, SUMO and the target are coupled in what is 
referred to as a “beads on a string” fashion. 

Targets of SUMOylation 

Based on a number of recent proteomic studies, several 
hundred proteins are regulated via sumoylation. They 
function in nearly every aspect of cell biology, 
including chromatin structure and function, DNA 
repair, signal transduction, nucleocytoplasmic trans¬ 
port, mitochondria fission, glucose and potassium 
transport, as well as basic metabolism. Transcription 
factors and transcriptional coregulators represent a 
prominent group of SUMO targets. A common feature 
of these proteins is that their modification leads to 
transcriptional repression. Interestingly, the sumoyla¬ 
tion site in transcription factors often overlaps with an 
inhibitory domain known as the synergy control (SC) 
motif. Removal of the SC motif or conversion of the 
SUMO acceptor lysine to an arginine activates the 
transcription factor. In line with the suggestion that it is 
SUMO that renders these factors inactive is the finding 
that overexpression of SUMO isopeptidases increases 
the activity of transcription factors such as Sp3, the 
Androgen receptor (AR), and Elkl. SUMOylation does 
not interfere with the ability of these transcription 
factors to bind to DNA. Rather, the repressive function 
of SUMO seems to be mediated by its ability to recruit 
corepressors such as histone deacetylases (HDACs) to 
the promotor. Interestingly, HDAC1 and HDAC4 are 
themselves targeted for modification by SUMO. 
HDAC4 mutants that cannot undergo SUMOylation 
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display reduced transcriptional repression compared to 
the wild-type protein. SUMOylation also regulates the 
subcellular localisation of modified proteins: the 
cytoplasmic protein RanGAPl is targeted to the nuclear 
pore complex upon modification, and PML (promye- 
locytic leukemia protein) sumoylation is essential for its 
localization to - and formation of - PML nuclear 
bodies. Transient recruitment of other proteins such as 
SplOO, Daxx, and TDG to PML bodies is dependent on 
their sumoylation or a SIM. Finally, SUMO has been 
shown to regulate enzyme and channel functions: In 
addition to the inhibition of E2-25K that was already 
mentioned above, it has recently been shown that 
SUMOylation inactivates the ER associated protein- 
tyrosine phosphatase IB (PTP1B), alters the RNA 
editing properties of ADAR, and transiently inactivates 
potassium channels. 

Competition with other Posttranslational Modifiers 

Other modifications, such as ubiquitination, acetylation, 
or methylation, which also target lysine residues, can at 
least in principle compete with sumoylation. Indeed, 
acetylation and SUMOylation of the same lysine have 
been reported, for example, Mef2 or the tumor suppressor 
HIC1. Moreover, ubiquitin and SUMO target the same 
lysine residues in e.g. PCNA, IicBa and NEMO. 
Phosphorylation of IicBa leads to polyubiquitination on 
lysine 21, resulting in its degradation by the 26S 
Proteasome. SUMOylation of the same lysine residue 
takes place in the absence of phosphorylation. Thus, it 
was suggested that the role of IicBa SUMOylation is to act 
as an antagonist of ubiquitin and thus protect it from 
proteasomal degradation. In contrast, SUMOylation of 
NEMO (TVF-kB essential modulator) seems to play a role 
in priming it for a phosphorylation-dependent ubiquitina¬ 
tion: PIASy catalyzes the modification of NEMO by 
SUMOl, which in turn leads to phosphorylation by the 
nuclear kinase ATM. Subsequently, NEMO is deSU- 
MOylated and ubiquitinated. This leads to translocation 
of NEMO to the cytoplasm, where it participates in the 
activation of NFkB. 

Regulation of SUMOylation 

Many proteins undergo modification by SUMO only 
upon extra- and intracellular stimuli such as cell cycle 
position, nutritional state, heat shock, or DNA damage 
indicating that SUMOylation and/or deSUMOylation 
is tightly controlled. Substrate phosphorylation can 
act as both a positive and negative regulator of 
SUMOylation. Some targets such as Hsf-1, HSF4b, 
GATA, Mef2, and several others contain a phosphory¬ 
lation-dependent SUMO modification motif (PDSM). 
This motif is composed of a classical SUMOylation 
site and an adjacent serine and pro line: \j/KxExxSP. 
Heat-shock dependent phosphorylation of the PDSM in 


Hsf-1 is a prerequisite for its SUMOylation. On the 
other hand, phosphorylation of proteins such as the 
transcription factors c-Jun, c-Fos, and p53 reduce 
their SUMOylation. While not much is known about 
regulation at the level of the enzymes, selected examples 
suggest that this may be a common mechanism. The 
yeast PIAS homolog Sizl changes its localisation in 
mitosis from the nucleus to the bud neck, where it 
sumoylates septins, the mammalian E3 ligase Pc2 was 
reported to be regulated by phosphorylation, and H 2 0 2 
has been shown to reversibly inactivate SUMO enzymes. 
The latter is accomplished by disulfide bond forma¬ 
tion between cysteines in the active sites of Uba2 and 
Ubc9. Depending on the levels of H 2 0 2 this leads to 
global or selective deSUMOylation. A global increase in 
sumoylation has been observed under heat shock 
and osmotic stress, but the underlying mechanism is not 
yet clear. 

Pharmacological Intervention 

Since the SUMO pathway affects multiple pathways 
ranging from transcription, DNA repair, and intracellu¬ 
lar trafficking over cell signaling and cell cycle control 
to basic metabolism, it is not surprising that links to 
diseases and viral assaults are emerging. However, the 
field is not yet at a stage sufficiently developed for 
pharmacological intervention. Below we will describe 
selected examples for links of the SUMO pathway to 
diseases and viral functions. 

SUMOl haploinsufficiency has been linked to a 
developmental defect Based on the finding that a 
patient with a cleft lip and palate had a mutation in the 
SUMOl gene locus, a mouse model was generated that 
had reduced SUMOl expression. Increased frequency 
for a cleft palate or oblique facial cleft was observed in 
the transgenic mice, suggesting that SUMO haploin¬ 
sufficiency can lead to developmental defects. 

SUMO and neurodegenerative diseases’. Like ubi¬ 
quitin, SUMO was observed to accumulate in cyto¬ 
plasmic and nuclear inclusions characteristic for diverse 
neurodegenerative diseases. Two proteins linked to 
formation of these aggregates, the natively unfolded 
proteins Tau and a-synuclein, are targets for sumoyla¬ 
tion. The meaning of their modification remains 
however to be shown. A functional link to Huntingtin’s 
disease has been suggested by the observation that a 
pathogenic fragment of Huntingtin (Httexlp) can be 
modified either by ubiquitin or by SUMOl on identical 
lysine residues. Ubiquitination leads to aggregation of 
this fragment, whereas SUMOylation stabilizes it in a 
soluble state. In a drosophila model, sumoylation of 
Httexlp seems to exacerbate neurodegeneration. 

SUMO and viruses : Different viruses have been 
shown to interfere with or hijack the SUMO pathway. 
Most drastic is the action of the CELO adenovirus 
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protein Gaml, which induces degradation of the SUMO 
El and E2 enzymes. Consequently, global sumoylation 
is lost. Other viral proteins seem more specific: 
Expression of the Herpes simplex virus (HSV) ICPO 
protein or the Cytomegalovirus immediate early 1 
(HCMV-IE1) protein leads to disruption of PML 
nuclear bodies and to deconjugation of SUMO from 
PML and SplOO. On the other hand, several immediate- 
early and early proteins produced by DNA viruses are 
themselves targets for modification or interact with 
components of the SUMOylation machinery. 

SUMO and Cancer. While many tumor suppressors 
and protooncogenes can be modified by SUMO, direct 
links of the sumoylation pathway to cancer develop¬ 
ment are not yet available. The strongest link exists to 
acute promyelocytic leukemia (APL), which is caused 
by a chromosomal fusion between PML and the retinoic 
acid receptor (RARA). The resulting fusion protein 
PML-RARA forms homodimers that recruit and tightly 
bind nuclear receptors and corepressors. Transgenic 
mice that express a SUMO deficient mutant of the 
fusion protein PML-RARA do not develop APL. Other 
evidence is only correlative, such as the observation that 
SENP1 is overexpressed in human prostate cancer or 
that transgenic mice overexpressing SENP1 develop 
carcinomas at an early age. 
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' Superantigen 


Bacterial or viral proteins linking T-cell receptors and 
MHC molecules through simultaneous interaction with 
the constant domains of all MHC class II molecules and 
of T-cell receptor p-chains. Hence, superantigens are 
polyclonal T-cell activators most likely involved in the 
development of autoimmune diseases. 

► Interferons 


Supercoils 


Bacterial as well as eukaryotic chromosomes contain 
too much DNA to fit easily into a cell. Therefore, the 
DNA must be condensed (compacted) to fit into the cell 
or nucleus. This is accomplished by supercoiling the 
DNA into a highly condensed form. When relaxed 
circular DNA is twisted in the direction that the helix 
turns, the DNA becomes positively supercoiled, if it is 
twisted in the opposite direction, it is called negatively 
supercoiled. Bacterial DNA is normally found in a 
negatively supercoiled state. Supercoiling reactions are 
catalyzed by topoisomerases. 

► Quinolones 
►Topoisomerases 


1 Superfamily 


The term superfamily is used to include in the classical 
sequence-based families, proteins with no statistically 
significant sequence similarities but with similar three- 
dimensional structures. 


' Superoxide 


Superoxide is a free radical form of oxygen (02 _ ) that is 
damaging to cells. Superoxide is scavenged by the 
enzyme superoxide dismutase used by neutrophils to 
destroy microbes in the body. 


Superoxide Dismutase 


Superoxide dismutase (SOD) enzymes are metallopro- 
teins that detoxify superoxide anions (0 2 ) by convert¬ 
ing them to H 2 0 2 , which is subsequently reduced to 
water. SOD enzymes include the manganese (Mn) 
enzyme in mitochondria (SOD2) and the Cu/Zn 
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enzyme that is present in the cytosol (SOD1) or on 
extracellular surfaces (SOD3). As superoxide anions 
play an important role in a variety of pathophysiologi¬ 
cal conditions, such as tissue injury and inflamma¬ 
tion, the capacity of SOD enzymes may be important 
for the cause of the disease. SOD mimetics are 
under investigation for their potential use as anti¬ 
inflammatory agents. 


' Suprachiasmatic Nucleus 


Region of the mammalian brain residing in the anterior 
hypothalamus that functions as the master circadian 
regulator. 

► Circadian Rhythms 


Supraventricular Tachycardia 


Supraventricular tachycardia is a heart condition 
characterised by fast arrhythmias involving the atrio¬ 
ventricular (AV) node. 

►Antiarrhythmic Drugs 


SUR 


Sulfonylurea receptor (SUR), a member of the ATP- 
binding cassette superfamily, is a large molecular 
membrane protein with 17 putative transmembrane 
domains. The human SUR1 gene has 39 exons and 
encodes the SUR1 that has high binding affinity to 
sulfonylureas, a class of type 2 antidiabetic drugs such 
as glibenclamide and glipzide, used to promote insulin 
secretion. The human SUR2 gene with 38 exons 
encodes two types of low-affinity receptors, SUR2A 
and SUR2B, which are different only in the last exon. 

►Antidiabetic Drugs 
►K + Channels 

► ATP-dependent K + Channel 


' Surrogate Ligand 


Synthetic molecule or peptide that is able to activate an 
orphan receptor but differs in chemical structure from 
the natural endogenous ligand 

► Orphan Receptors 


Susceptibility 


Susceptibility in the context of pharmacogenetics is a 
marginally to moderately increased risk for a disease. 

► Pharmacogenetics 


' Swiss-Prot 


Swiss-Prot ia a curated databank of information on 
protein sequence, structure and function. It can be found 
under: http://www.ebi.ac.uk/swissprot/. 

► Bioinformatics 
►Molecular Modeling 


' SxxK Acyl Transferases 


The acyl transferases of the SxxK superfamily have a 
specific bar code in the form of three motifs SxxK, SxN 
or analogue and KTG or analogue (with x denoting a 
variable amino acid residue). The motifs occur at 
equivalent places and roughly with the same spacing 
along the polypeptide chains, and close to each other 
at the immediate boundary of the catalytic centre. A 
constellation of bacterial genes code for SxxK 
acyl transferases of varying amino acid sequences, 
functionalities and modular designs. They occur as free¬ 
standing polypeptides and as protein fusions. Those 
involved in bacterial wall (4-3) peptidoglycan assem¬ 
bly and metabolism bind penicillin in the form of stable 
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and inactive penicilloyl derivatives in which the peni- 
cilloyl moiety is linked as an ester to the serine residue 
of the SxxK motif. 

► P-Lactam Antibiotics 


' SxxK Free-standing Penicillin-binding 
Protein 

SxxK free-standing penicillin-binding proteins (PBPs) 
are uncoupled SxxK acyl transferases that work mainly 
as bacterial wall peptidoglycan-hydrolases and function 
as auxiliary cell-cycle proteins. They are not essential. 

► P-Lactam Antibiotics 


' SxxK [^-lactamases 


SxxK p-lactamases are uncoupled SxxK acyl trans¬ 
ferases that work as P-lactam antibiotic hydrolases. 
They represent a mechanism of defence of great 
efficiency. On good P-lactam substrates, their catalytic 
centres can turn over 1000 times per second. 

► P-Lactam Antibiotics 


' SxxK PBP Fusions 


Class A penicillin-binding protein (PBP) fusions 
combine in a single polypeptide chain a class A SxxK 
acyl transferase linked to a glycosyl transferase module 
having its own five-motif bar code, itself linked to a 
membrane anchor. They catalyse the conversion of 
disaccharide-peptide units, borne by a C 55 undecapre- 
nyl carrier, into polymeric (4-3) peptidoglycan. Class B 
PBP fusions are composed of a class B SxxK acyl 
transferase, a linker module having its own three-motif 
bar code and a membrane anchor. They are members of 
the morphogenetic apparatus. They are implicated in 
the remodelling of (4-3) peptidoglycan throughout the 


bacterial cell cycle. PBP fusions of classes A and B are, 
globally, the lethal targets of P-lactam antibiotics. 

► P-Lactam Antibiotics 


' Sympatholytic Drugs 


Sympatholytic drugs are a group of drugs, which 
decrease the activity of the sympathetic nervous 
system, mainly by blocking the action of adrenaline 
and noradrenaline at adrenoceptors. 

► a-Adrenergic System 

► p-Adrenergic System 


Sympathomimetic Drugs 


Direct sympathomimetic drugs act as agonists on adre¬ 
nergic receptors. In contrast, indirectly acting sympa¬ 
thomimetic drugs act by increasing the concentration of 
noradrenaline. Indirectly acting sympathomimetics like 
tyramine, amphetamine or ephedrine are take up into 
sympathetic nerve terminals and are transported into the 
vesicles by the vesicular monoamine transporter in 
exchange for noradrenaline, which escapes into the 
cytosol. Most of the noradrenaline in the cytosol 
escapes via the transporter in the presynaptic membrane 
in exchange for the indirectly acting sympathomimetic 
monoamine. By this mechanism as well as by partly 
inhibiting the reuptake of noradrenaline and partly by 
inhibiting the degradation of noradrenaline by mono¬ 
amine oxidase (MAO), they increase the concentration 
of noradrenaline in the synaptic cleft. 

► a-Adrenergic System 

► p-Adrenergic System 


1 Synapse 


A synapse is a contact site between two neurones, where 
information is communicated from the axon of one 
neurone (the presynaptic) to the cell body, the dendrites or 
the axon of the second neurone (the postsynaptic). In most 
synapses, the information is communicated chemically; 
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the presynaptic neurone releases a neurotransmitter 
substance, which then acts on receptors of the postsynap- 
tic neurone. Most chemical synapses are characterized 
morphologically by an increase in diameter of the 
presynaptic axon to form a varicosity or bouton, by 
transmitter-storing vesicles inside the bouton and by a 
synaptic cleft crossed by cell adhesion molecules. In a 
relatively few synapses, the information is transmitted 
electrically. In a wider sense, sites of transmission 
between neuronal axons and peripheral effector cells, 
such as smooth muscle cells, are also synapses. 

► Synaptic Transmission 


Synaptic Plasticity 


Any mechanism involved in modulating the strength of 
synaptic signalling (usually with higher frequency and/or 
amplitude of both inhibitory and excitatory neurotrans¬ 
mitter release). Both excitatory and inhibitory signalling 
can be reinforced and for both a relatively short (as in 
“depolarisation-induced suppression of excitation” or 
“inhibition”) and a relatively long (as in “long-term 
potentiation” and “long-term depression”) period of time. 


Synaptic Transmission 


Klaus Starke 

Institut fur Experimentelle und Klinische 
Pharmakologie und Toxikologie, Universitat Freiburg, 
Freiburg, Germany 


Definition 

Synaptic transmission is the transfer of biological 
information across ►synapses. Drugs that influence 
synaptic transmission play an eminent role in therapy, 
for two reasons. First, the nervous system controls all 
tissues. Second, with few exceptions synaptic transmis¬ 
sion is chemical, operating by means of transmitter 
substances, and synapses therefore provide a large 
number of drug targets, such as the enzymes that 
synthesize the transmitter. However, the importance of 


synaptic pharmacology extends beyond therapy: many 
poisons act at synapses, as do the everyday drugs 
caffeine, ethanol and nicotine. 

There are numerous transmitter substances. They 
include the amino acids glutamate, GABA and glycine; 
acetylcholine; the monoamines dopamine, noradrena¬ 
line and serotonin; the ►neuropeptides; ATP; and NO. 
Many neurones use not a single transmitter but two or 
even more, a phenomenon called ►cotransmission. 
Chemical synaptic transmission hence is diversified. 
The basic steps, however, are similar across all 
neurones, irrespective of their transmitter, with the 
exception of NO: transmitter production and vesicular 
storage; transmitter release; postsynaptic receptor 
activation; and transmitter inactivation. Figure 1 shows 
an overview. ►Nitrergic transmission, i.e. transmission 
by NO, differs from transmission by other transmitters 
and is not covered in this essay. 

Basic Mechanisms 

Transmitter Production and Vesicular Storage 

All non-peptide transmitters are produced in the axon 
terminals, which possess the necessary machinery. 
Cholinergic terminals contain choline acetyltransferase, 
which acetylates choline to acetylcholine. Dopaminergic 
terminals contain tyrosine hydroxylase, which converts 
tyrosine into levodopa, and aromatic L-amino acid 
decarboxylase, which decarboxylates levodopa to dopa¬ 
mine. Noradrenergic terminals contain in addition 
dopamine P-hydroxylase, which oxidizes dopamine to 
noradrenaline. Following synthesis, the transmitters 
(except NO) are taken up into ►synaptic vesicles by 
means of a transport system consisting of two compo¬ 
nents: an ATP-driven H + pump that generates a proton 
gradient (ApH; vesicle lumen acidic) and a potential 
gradient (A\j/; vesicle lumen positive); and the vesicular 
neurotransmitter transporter (VNT) (►Neurotransmitter 
transporters, ►Vesicular transporters), which exchanges 
intravesicular H + with axoplasmic transmitter (Fig. 1 
inset). There are several VNT families. One is the 
vesicular monoamine transporter (VMAT)/vesicular 
acetylcholine transporter (VAChT) family. VMAT is 
responsible for the vesicular transport of dopamine, 
noradrenaline and serotonin [1]. 

In contrast to the small transmitter molecules, the 
neuropeptides are synthesized in the rough endoplasmic 
reticulum of the neuronal perikarya. They are enclosed 
in vesicles in the Golgi apparatus. The vesicles travel 
down to the terminals by axonal transport. 

Transmitter Release 

All transmitters (except NO) are released by the 
following cascade: arrival of the nerve action potential 
at the terminal - opening of voltage-sensitive Ca 2+ 
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P re synaptic terminal Postsynaptic cell 



Synaptic Transmission. Figure 1 Synaptic transmission. The presynaptic terminal contains voltage-dependent 
Na Superscript^ and Ca 2+ channels, vesicles with a vesicular neurotransmitter transporter VNT, a plasmalemmal 
neurotransmitter transporter PNT, and a presynaptic G protein-coupled receptor GPCR with its G protein and its 
effector E; the inset also shows the vesicular H + pump. The postsynaptic cell contains two ligand-gated ion channels 
LGIC, one for Na + and K + and one for Cl - , a postsynaptic GPRC, and a PNT. In this synapse, released transmitter is 
inactivated by uptake into cells. 


channels - exocytosis - recycling of the vesicle 
membrane. The nerve action potential is mainly carried 
by Na + entry through voltage-dependent Na + channels. 
Axon terminal voltage-sensitive Ca 2+ channels are 
mainly of the N- and P/Q-types. 

The action potential-induced increase in axoplasmic 
Ca 2+ is the physiological trigger for exocytosis. Exocyto¬ 
sis consists of the fusion of the vesicle membrane with the 
plasmalemma, the opening of a pore in the fused 
membranes, and outward diffusion of the neurotransmit¬ 
ter or neurotransmitters. Three proteins, the so-called 
► SNARE proteins, are essential in exocytosis (Fig. 1 
inset). One, synaptobrevin, is a protein of the vesicle 
membrane; the other two, syntaxin and SNAP-25 
(synaptosome-associated protein of 25 kD), are proteins 
of the plasmalemma (Fig. 1 inset). Upon an increase in 
cytoplasmic Ca 2+ from about 0.1 to about 100 pM, the 
vesicular synaptobrevin grabs hold of the plasmalemmal 
SNAREs, and the three proteins intertwine into a complex 
that then tightens like a zipper. This “zippering” of the 
SNAREs pulls the vesicle and plasma membranes 
together so that the lipid bilayers merge. An additional 
vesicular protein, synaptotagmin, may be the Ca 2+ sensor 
that detects the increase in cytoplasmic Ca 2+ . Ca 2+ 


channels and SNAREs lie closely together. Syntaxin and 
SNAP-25 in fact interact physically with the al subunit of 
N- and P/Q-type Ca 2+ channels. The close neighbour¬ 
hood permits the quickness of exocytosis; the time from 
the arrival of the action potential to pore formation is only 
100 ps or less. 

After exocytosis, the vesicle membrane with its lipids 
and proteins is recycled, either by immediate re-filling 
with transmitter or by passing through a vesicle resting 
pool deeper inside the axon terminal. 

Action potential-elicited neurotransmitter exocytosis 
is variable. Firstly, action potentials trigger release from 
a given axon terminal only unreliably, with one or two 
release events per ten action potentials, resulting in a 
low overall release probability. Secondly, the probabili¬ 
ty of release is modulated by ►presynaptic receptors in 
the axon terminal membrane (Fig. 1). Through these 
receptors, transmitter substances from neighbouring 
neurones and hormones can increase or reduce the 
release probability [2]. Axon terminals thus integrate 
[1] the release command of the action potential and [2] 
various modulatory chemical messages from 
the neighbourhood to release an appropriate amount 
of transmitter. 
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Postsynaptic Receptor Activation 

Of the several classes of receptors for endogenous 
chemical signals [3], two are used as postsynaptic 
receptors in synaptic transmission: ligand-gated ion 
channels (LGICs) and ►G protein-coupled receptors 
(GPCRs; Fig. 1). Due to the large number of 
transmitters and the existence of several receptor types 
for almost all, postsynaptic receptor activation is the 
most diversified step of synaptic transmission. Table 1 
shows selected neurotransmitter receptors. 

LGICs are hetero- or homo-oligomeric proteins 
consisting or 3, 4 or 5 peptide chains, of which each 
spans the membrane several times. The 3-5 subunits 
surround a pore, which in the absence of transmitter is 
closed. The nicotinic receptor for acetylcholine, the 
GABA A -receptor, the glycine receptor and the 5-HT 3 - 
receptor for serotonin are pentamers. The ionotropic 
glutamate receptors are tetramers. The P2X-receptors 
for ATP are trimers. When transmitter is bound to a 
ligand-gated ion channel receptor, the open probability 
of the pore is increased. Ions may then enter or leave the 


cell, but a selectivity filter in the channel lets only 
certain ions pass. 

The AMPA receptors for glutamate, the nicotinic 
acetylcholine receptor and the 5-HT 3 -receptor for 
serotonin are cation channels (Table 1). When they 
open, the major consequence is a sudden entry of Na + , 
depolarization and an excitatory postsynaptic potential 
(EPSP; Fig. 1). 

The GABA A -receptor and the glycine receptor are CF 
channels (Table 1). When they open at a resting 
membrane potential of about -60 mV, the consequence 
is an entry of CF, hyperpolarization and an inhibitory 
postsynaptic potential (IPSP; Fig. 1). 

All these postsynaptic events last only for a few 
milliseconds; synaptic transmission through LGICs is 
fast. When the postsynaptic cell membrane is suffi¬ 
ciently depolarized, voltage-dependent Na + channels 
open and an action potential is generated. 

GPCRs are proteins that span the postsynaptic cell 
membrane seven times (heptahelical receptors). Small 
ligands are usually bound within a pocket formed by the 


Synaptic Transmission. Table 1 Selected neurotransmitter receptors 


Transmitter 

Receptor 3 

Effector 

mechanisms 13 

Agonists 

Antagonists 

Glutamate 

AMPA (LGIC) 

t Na + and K + 
conductance 

a-Am i no-3-hyd roxy-5-methyl-4- 
isoxazolepropionic acid (AMPA) 


GABA 

GABA a (LGIC) 

t Cf conductance 

Muscimol 

Bicuculline 


GABAb 

(GPCR) 

Gj/o 

Baclofen 


Glycine 

glycine 

receptor (LGIC) 

t Cf conductance 


Strychnine 

Acetylcholine 

nicotinic (LGIC) 

t Na + , K + and Ca 2 
+ conductance 

Nicotine, suxamethonium 

Tubocurarine, a-conotoxins, 
a-bungarotoxin 


muscarinic M,_ 

5 (GPCR) 

M-i, M3, M5: Gq/n; 
M 2 , M 4 : Gj/o 

Muscarine, carbachol 

atropine, scopolamine 

Dopamine 

(GPCR) 

Du D 5 : G s ; D 2 , D 3i 
D 4 : Gj/o 

D 2 : bromocriptine 

D 2 : Chlorpromazine 





D 4 : Clozapine 

Noradrenaline 

C(ia,b,d (GPCR) 

Gq/n 

Phenylephrine 

Prazosin 


C12A-C (GPCR) 

Gj/o 

Clonidine 

Yohimbine 


P 1-3 (GPCR) 

G s 

Isoprenaline 

Propranolol 

Serotonin 

5-HW 

(GPCR) 

Gj/o 

5-HT 1b ,d: sumatriptan 



5-HT 3 (LGIC) 

| Na + and K + con¬ 
ductance 


Ondansetron 

Opioid 

peptides 

p, 5, k (GPCR) 

Gj/o 

p: Morphine 

Naloxone 


a LGIC, ligand-gated ion channel; GPCR, G protein-coupled receptor 

b Activation of G i/0 leads to i cyclic AMP (inhibition of adenylyl cyclase) and j Ca 2+ conductance (N- and P/Q-type Ca 2+ channels). Activation 
of G q/11 leads to f inositol trisphosphate and f diacylglycerol (stimulation of phospholipase C). Activation of G s leads to f cyclic AMP 
(stimulation of adenylyl cyclase) 
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seven transmembrane helices. The large neuropeptides 
bind to the extracellular domains. When the receptors 
are activated, they interact with the appropriate G 
proteins that are bound to the inner surface of the cell 
membrane. The G proteins then pass the information on 
to various effectors (Fig. 1). 

The GABA B -receptors, the muscarinic M 2 - and 
M 4 -receptors for acetylcholine, the dopamine D 2 -, D 3 - 
and D 4 -receptors, the a 2 -adrenoceptors for noradrena¬ 
line, the 5-HTi A _ F -receptors for serotonin, and the opioid 
p-, 8- and K-receptors couple to G proteins of the G i/o 
family and thereby lower [1] the cytoplasmic level of the 
second messenger cyclic AMP and [2] the open 
probability of N- and P/Q-type Ca 2+ channels (Table 1). 
The muscarinic M r , M 3 - and M 5 -receptors for acetyl¬ 
choline and the ai-adrenoceptors for noradrenaline 
couple to G proteins of the G q/ n family and thereby 
increase the cytoplasmic levels of the second messengers 
inositol trisphosphate and diacylglycerol (Table 1). The 
dopamine D r and D 5 -receptors and the P-adrenoceptors 
for noradrenaline, finally, couple to G s and thereby 
increase the cytoplasmic level of cyclic AMP. 

These cascades of reactions need time in the range 
of seconds: synaptic transmission through GPCRs is 
slow. All further postsynaptic changes depend on the 
type of postsynaptic cell. For example activation of 
p 2 -adrenoceptors causes: in the heart an increase of the 
rate and force of contraction; in skeletal muscle 
glycogenolysis and tremor; in smooth muscle relaxa¬ 
tion; in bronchial glands secretion; and in sympathetic 
nerve terminals an increase in transmitter release. 

Transmitter Inactivation 

Once released, transmitters are inactivated by diffusion 
into the neighbouring extracellular space, combined 
with one of two specific pathways: either extracellular 
degradation by enzymes that face the extracellular 
space, or uptake into cells. 

Extracellular degradation removes acetylcholine, the 
neuropeptides and ATP. Acetylcholine is rapidly 
hydrolyzed to choline and acetate by acetylcholinester¬ 
ase. The enzyme is localized in both the presynaptic and 
the postsynaptic cell membrane and splits about 10,000 
molecules of acetylcholine per second. 

Glutamate, GABA, glycine, dopamine, noradrena¬ 
line and serotonin are taken up into adjacent cells. The 
uptake is mediated by plasmalemmal neurotransmitter 
transporters (PNTs; Fig. 1). The main driving force 
for all PNTs is the Na + concentration gradient across 
the axolemma. There are several PNT families. One is 
the Na + /CF-dependent neurotransmitter transporter 
(SCDNT) family, which comprises transporters for 
GABA, glycine, dopamine, noradrenaline and seroto¬ 
nin. The GABA transporters are located partly in the 
GABAergic, and the glycine transporters are located 


partly in the glycinergic terminals themselves. The 
dopamine, noradrenaline and serotonin transporters are 
located almost exclusively in the dopaminergic, norad¬ 
renergic and serotoninergic terminals, respectively. In 
all these cases, cellular uptake means re-uptake into the 
presynaptic neurone. Re-uptake by the PNTs may be 
followed by vesicular re-uptake by the VNTs; an 
economical way of inactivation, reminiscent of the 
recycling of the storage vesicle membrane [1]. 

Pharmacological Interventions 

Transmitter Production and Vesicular Storage 

Drugs affecting transmitter production and storage 
include the following, all acting on monoamine 
neurones. Levodopa is administered as the precursor 
of dopamine to compensate for the loss of dopaminergic 
neurones in ►Parkinson’s disease. Benserazide is an 
inhibitor of aromatic L-amino acid decarboxylase that 
does not pass the blood-brain barrier. It is given 
together with levodopa in Parkinson’s disease to 
prevent the decarboxylation of levodopa in peripheral 
tissues. Reserpine specifically blocks VMAT, thus 
depletes monoamines from the axon terminals, and is 
occasionally used to treat hypertension. 

Transmitter Release 

So central is exocytosis from neurones for animal life, 
that evolution has made it the target of a large number of 
natural poisons, used by the producing organisms for 
defence or attack. The puffer fish produces tetrodotoxin 
and some dinoflagellates produce saxitoxin, both of 
which occlude voltage-gated Na + channels by binding 
to the external side of the channel pore. The cone snail 
Conus geographus produces the ►conotoxin 9- 
conotoxin GVIA, a small cysteine-rich peptide, which 
blocks N-type Ca 2+ channels. P/Q-type Ca 2+ channels 
are insensitive to 9-conotoxin GVIA but selectively 
blocked by the funnel-web spider venom 9-agatoxin 
IVA, also a small cysteine-rich peptide. Tetrodotoxin 
and 9-conotoxin GVIA are the two most widely used 
toxins in neuroscience. 

The most ingenious exocytosis toxins, however, come 
from the anaerobic bacteria Clostridium botulinum and 
Clostridium tetani. The former produces the seven 
botulinum neurotoxins (BoNTs) A-G; the latter produces 
tetanus neurotoxin (TeNT). All eight toxins consist of a 
heavy (H) chain and a light (L) chain that are associated 
by an interchain S-S bond. The L-chains enter the cytosol 
of axon terminals. Importantly, BoNT L-chains mainly 
enter peripheral cholinergic terminals, whereas the TeNT 
L-chain mainly enters cerebral and spinal cord GABAer¬ 
gic and glycinergic terminals. The L-chains are the active 
domains of the toxins. They are zinc-endopeptidases and 
specifically split the three core proteins of exocytosis, i.e. 
the SNAREs (Fig. 1 inset). Each of the eight toxins splits a 
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single SNARE at a single site. Destruction of synapto- 
brevin, syntaxin or SNAP-25 in cholinergic terminals by 
the BoNTs leads to cessation of acetylcholine release 
followed by flaccid paralysis, the main symptom of 
►botulism. Destmction of synaptobrevin in GABAergic 
and glycinergic terminals by TeNT leads to cessation of 
GABA and glycine release followed by spastic paralysis, 
the main symptom of ►tetanus. BoNT and TeNT are the 
most potent toxic substances known, able to kill 
vertebrates at a dose of 0.1 to 1 ng/kg body weight [4]. 

Postsynaptic Receptor Activation 

The most diversified step of synaptic transmission is 
also the target of the greatest variety of drugs. Some are 
included in Table 1 . Many are natural poisons such as 
muscimol, bicuculline, strychnine, nicotine, tubocura- 
rine, muscarine, atropine, scopolamine, yohimbine and 
morphine, all of which stem from plants; the a- 
conotoxins; and a-bungarotoxin from the bungar snake. 
Tubocurarine, the a-conotoxins and a-bungarotoxin 
cause flaccid paralysis by blocking the postsynaptic 
nicotinic receptor of the skeletal muscle endplate - the 
same symptom that BoNTs produce by preventing the 
release of acetylcholine. 

The therapeutic impact of drugs acting at transmitter 
receptors is enormous. All volatile and intravenous 
anaesthetics and also ethanol act primarily on cerebral 
LGICs, above all GABA A -receptors. All neuromuscu¬ 
lar blocking agents are agonists or antagonists at the 
skeletal muscle nicotinic receptor. There would be no 
surgery worth mentioning without these drug actions on 
neurotransmitter receptors. Morphine and related 
opioid agonists are the most effective analgesics. The 
p-adrenoceptor antagonists such as propranolol have 
become the most successful group of cardiovascular 
drugs. The benzodiazepine anxiolytics, which promote 
the effect of GABA on GABA A -receptors, and the 
dopamine receptor-blocking ►neuroleptics such as 
chlorpromazine and clozapine are two major drug 
classes used in psychiatry. 

Transmitter Inactivation 

The cholinesterase inhibitors are the classical drugs that 
interfere with transmitter inactivation. The prototype 
was physostigmine, a plant poison and later a 
therapeutic agent in ►myasthenia gravis. The highly 
toxic nerve gases such as sarin also are cholinesterase 
inhibitors. The GABA transporter is blocked by 
tiagabine, an antiepileptic that owes its effect to the 
ensuing increase of the concentration of GABA in the 
synaptic cleft. Cocaine is abused because it blocks the 
dopamine transporter and, hence, enhances dopaminer¬ 
gic transmission in the mesolimbic dopaminergic 


“reward system”. Blockers of the noradrenaline trans¬ 
porter and blockers of the serotonin transporter are the 
main ►antidepressant drugs, i.e. the main members of 
the third major drug class in psychiatry. 

► a-Adrenergic System 

► Catechol-O-Methyltransferase and its Inhibitors 

► Exocytosis 
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Synaptic Vesicle Neurotransmitter 
Transporters 

►Vesicular Transporters 


Synaptic Vesicles 


Synaptic vesicles are the organelles in axon terminals 
that store neurotransmitters and release them by 
exocytosis. There are two types, the large dense-core 
vesicles, diameter about 90 nm, that contain neuropep¬ 
tides, and the small synaptic vesicles, diameter about 
50nm, that contain non-peptide transmitters. About ten 
vesicles per synapse are “docked” to the plasma 
membrane and ready for release, the “readily releasable 
pool”. Many more vesicles per synapse are stored 
farther away from the plasma membrane, the “resting 
pool”. When needed, the latter vesicles may be 
recruited into the readily releasable pool. Neuronal 
depolarization and activation of voltage-sensitive Ca 2+ 
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channels increases intracellular Ca 2+ levels that 
promotes exocytosis and fusion of the vesicles with 
the presynaptic membrane allowing the vesicular 
neurotransmitter to be released into the synaptic cleft. 

► Exocytosis 

► Synaptic Transmission 
►Vesicular Transporters 


1 Synaptotagmin 


Synaptotagmin is an integral type I transmembrane 
glycoprotein that possesses two C2 calcium-binding 
domains. C2 domains are present in several other 
proteins such as the calcium-dependent isoforms of 
protein kinase C and phospholipase D where they are 
known to regulate Ca-dependent binding to phospho¬ 
lipid membranes. More than ten different synaptotag- 
mins are known, that are widely expressed in many 
tissues. Best characterized is synaptotagmin I, a resident 
of synaptic vesicles and neurosecretory granules. 
Synaptotagmin I probably functions as an exocytotic 
Ca-receptor that links the calcium signal to membrane 
fusion by means of Ca-dependent binding to mem¬ 
branes and (possibly) to SNAREs. 

► Exocytosis 


Syndecans 


Syndecans are transmembrane proteins, which are 
modified by the addition of heparan sulphate glycos- 
aminoglycan (GAG) chains and other sugars. Synde¬ 
cans bind a wide variety of different ligands via their 
heparan sulphate chains. Binding specificities may vary 
depending on cell-type specific modifications of the 
heparan sulphate chains. 

►Table appendix: Adhesion Molecules 


1 Synergistic Interaction 


Interaction in which the combined effect is greater than 
the sum of the effects of each drug administered 
separately. 

►Drug Interaction 


' Systems Biology 


A new branch of biology using experiments and 
computation to gain an understanding of biological 
systems (e.g. a cell), taking into account complex 
interactions of genes, proteins, and cell elements. 

►Bioinformatics 


Systolic and Diastolic Blood Pressure 
and Pulse Pressure 

Systolic pressure, or maximum blood pressure, occurs 
during left ventricular systole. Diastolic pressure, or 
minimum blood pressure, occurs during ventricular 
diastole. The difference between systolic and diastolic 
pressure is the pulse pressure. While diastolic blood 
pressure has been historically been used as the most 
relevant clinical blood pressure phenotype, it has now 
been clearly established that systolic blood pressure is 
the more important clinical predictor for cardiovascular 
morbidity and mortality. More recently, additional 
attention is focussed on the importance of pulse 
pressure, i.e. the blood pressure amplitude, as a 
predictive factor for cardiovascular disease. 

►Blood Pressure Control 









